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This  repoit  describes  the  work  accomplished  in  the  develoianent  of  a  computer  simu¬ 
lation/optimization  model  to  1)  estimate  the  optimal  locations  of  existing  ai^  proposed 
high-sp^  runway  turnoffs  and  2)  estimate  the  geometric  design  requiremoits  of  high¬ 
speed  tumofifs.  This  work  is  an  extension  of  the  activities  performed  for  the  National 
Aeronautics  and  Space  Administratitm  (NASA)  and  the  Federal  Aviation  Administra¬ 
tion  (FAA)  in  conjunction  widi  the  research  project  entitled  “Runway  Exit  Designs  for 
Capacity  Improvement  Demonstrations:  Phase  IT*  funded  under  NASA  contract 
NASl-18471  Task  IS  with  the  Center  for  Transportation  Research  at  Virginia  Poly¬ 
technic  Institute  and  State  University.  Phase  I  was  reported  in  document  DOT/FAA/ 
RD-90-324. 

The  model  described  here  and  named  REDIM  2.0  (runway  exit  design  interactive  mod¬ 
el)  is  a  stand  alone  application  to  be  used  by  airport  planners,  designers  and  research 
individuals  to  estimate  the  optimal  locations  of  existing  and  newly  proposed  runway 
turnoffs.  The  model  has  been  coded  in  Microsoft  Basic  7.0  Professional  Development 
System  (PDS)  and  requites  a  standard  DOS  compatible  computer  with  one  megabyte 
or  mote  RAM  memory  and  Enhanced  Gra{Mcs  Adrqrter  (EGA)  capabilities.  A  math 
coprocessor  is  not  required  although  strongly  recommencted  to  speed  up  the  computer 
intensive  tasks  involved  in  the  optimization  procedure  used  in  REDIM  2.0. 

The  work  presented  here  would  not  have  been  possible  without  the  contribution  of 
many  individuals.  Mr.  Hisao  Ibmita  (Federal  Aviatirm  Administration)  and  Mr.  David 
Middleton  (NASA  Langley  Researdi  Center)  acted  as  project  monitors  for  this  re¬ 
search  and  provided  invaluable  insights  to  the  development  of  the  software  package. 
Mr.  Jiefing  revised  the  output  module  of  the  new  software  padcage  and  his  effort 
should  also  be  recognized.  Hnally,  we  would  like  to  thank  the  FAA  and  NASA  for  dieir 
strong  support  and  confidence  in  the  ^rginia  Tech  research  team. 


A.A.  IVani,  A.G.  Hobeika,  B.J.  Kim,  V.  Nuima,  C.  23K>ng 
Blacksburg,  ^rginia 


Executive  Summaiy 


This  lepoit  presents  the  results  of  a  snidy  peifonned  by  the  Center  for  Transportatitm 
Research  (UCTR)  at  Viiginia  Polytechnic  Institute  and  State  Univeraty  concerning  the 
development  of  a  computer  program  to  estimate  the  optimal  locations  and  geometric 
design  lequiranoits  of  high-speed  nmway  turnoffs.  This  study  was  omducted  for  the 
Federal  Aviation  Administratian  System  Technology  Division  (ARD-200)  to  assess  the 
impact  of  optimal  turnoff  locatimis  in  runway  occupancy  time  and  ultimately  in  the  as¬ 
sessment  of  possible  runway  capacity  gains.  The  rq;x>tt  covers  the  second  phase  of  this 
research  effort  and  emphasi^  in  the  develqxnem  of  a  micro-computer  program  to  as¬ 
certain  the  impact  of  turnoff  jdacement  in  tte  eiqrected  weighted  average  runway  oc¬ 
cupancy  time  for  a  given  runway/aircraft  mix  configuraticHi. 

The  resulting  simulationA^)timization  modd  called  REDIM  2.0  (runway  exit  design 
interactive  model)  is  a  stand  alone  application  requiting  mininud  computer  hardware 
(i.e.,  an  IBM  or  compatiUe  persorud  ctunputer  and  EGA  capabilities)  ^  can  be  used 
in  the  planning  and  d^gn  of  new  runway  turnoff  iqtgrades  or  in  the  location  of  turnoffs 
for  future  runway  facilities.  REDIM  2.0  is  capable  of  handling  all  existing  turnoff  ge¬ 
ometries  (including  “wide  throat”  geometries)  for  added  flexibility  as  well  as  newly 
proposed  higfa-qwed  gemnetties  with  user-defined  turnoff  angles. 

The  irudn  conclusiotis  found  during  foe  development  of  foe  REDIM  2.0  computer  iiKxl- 
el  can  be  summarized  ss  follows: 

•  The  computer  progran  develt^red  uses  a  combination  of  a  Monte  Carlo  simulation 
and  a  Polynomial  IDynamic  Programming  algorithm  to  estimate  turnoff  cmdidates 
and  opting  locations  that  minimize  foe  aircraft  weighted  average  runway  occu¬ 
pancy  time  (WAROT). 

•  The  model  results  ccanputed  for  various  runwayAumoff  oonfiguratioos  seem  to  be 
in  good  agreement  with'  enqdrical  observations  made  by  jnevious  researcliers 


H 


[Koenig,  1978;  Wsiss  and  Baner,  1984,  Weiss,  1985  and  Ruhl,  1990].  It  must  be 
pointed  out  that  most  of  the  previous  data  repoited  aircraft  perTERP  group  [except 
for  Ruhl,  1990]  while  the  model  described  in  this  report  considers  the  differences  in 
landing  aircraft  dynamics  between  individual  vehicles  even  if  they  belong  to  the 
same  TERP  group  classification. 

•  Significant  reductions  in  runway  occupancy  time  are  possible  with  the  optimal  loca¬ 
tion  and  geometric  tailoring  of  turnoff  geometries  for  a  known  aircraft  populatioa 
For  a  single  runway  reductions  in  WAROT  of  tq>  to  15%  are  possible  with  the  use 
of  proposed  super-acute  angle  exits  (i.e.,  20  degree  turnoff  angle)  compared  with 
standard  30  degree  angle  geometries.  Further  reductions  are  possible  while  convert¬ 
ing  right  angle  turnoffs  to  super-acute  angle  exits.  This  reduction  in  WAROT  could 
translate  in  moderate  gains  in  runway  capacity  under  mixed  operations  due  to  the 
stretching  effect  on  the  departure  slots. 

•  Reductions  in  WAROT  down  to  36-40  seconds  seem  feasible  with  the  use  of  opti¬ 
mally  located  super-acute  turnoffs.  This  WAROT  could  support  a  2.0  nautical  mile 
interarrival  separation  (assuming  some  advances  in  terminal  ATC  automation  take 
place  and  solutiois  to  the  wake  vortex  problem  are  found). 

•  Three  and  four  degree  of  freedom  aircraft  simulations  seem  to  indicate  that  super¬ 
acute  turnoff  geometries  could  allow  consistent  exit  speeds  of  up  to  35  m./s.  (78 
m.p.h.)  for  transport  type  aircraft  operations.  While  the  land  use  requirements  of 
these  turnoffs  are  high  it  might  well  payoff  in  runways  operated  almost  exclusively 
by  transport-type  aircraft  over  a  20  year  life  cycle. 

•  Proposed  lateral  separation  distance  nomographs  between  a  runway  and  parallel 
taxiways  were  derived  for  all  types  of  high-sp^  geometries  using  fairly  conserva¬ 
tive  aircraft  deceleration  assumptions  on  the  tangent  portion  of  a  turnoff.  These 
nomographs  could  be  used  in  preliminary  airport  planning  to  estimate  land  use 
requirements. 

•  Current  testing  is  being  done  at  the  FAA  Boeing  727-2(X)  six-degree  of  freedom 
simulator  to  validate  the  results  of  the  aircraft  turnoff  model  used  in  REDIM  2.0.  At 
the  same  time  several  airfield  observations  are  being  conducted  to  validate  the 
results  of  REDIM  2.0  for  various  airport/aircraft  mix  configurations. 

Several  recommendations  derived  from  this  report  are: 

•  Investigate  the  use  of  turnoff  superelevation  to  reduce  the  land  use  requirements  of 
the  proposed  super-acute  angle  turnoff. 

•  Investigate  in  detail  the  aircraft  landing  gear  dynamics  associated  with  the  proposed 
high-speed  turnoffs  as  this  mi^  evetmiaUy  be  a  deterrait  for  their  (^rational 
implemoitations  from  die  airline  point  of  view. 

•  An  extension  to  the  existing  model  is  possiUe  where  ftuther  consideration  is  given 
to  the  complex  interactions  between  existing  taxiwayAunway  subsystems  aid  the 
placemem  of  new  runway  turnoff  locations.  Also  some  considenitimi  could  be 
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given  in  this  analysis  to  aiiiin^ATC  motivational  practices  in  locating  runway  tum- 
ofiFs. 

•  Implement  the  microscopic  results  of  this  research  into  more  macroscopic  airport 
crptcity  and  delay  models  such  as  the  FAA  ACM  (airport  ciy)acity  model)  and 
SIMMOD  in  order  to  provide  airport  planners  and  designers  with  more  comprehen¬ 
sive  tools  to  ascertain  capacity  gains  and  delay  reductions  at  a  more  macroscopic 
scale  for  specific  airport  network  topologies. 

•  Implement  lateral  distance  guidelines  between  runway  and  taxiway  centerlines  in 
FAA  AC/1S0-S3(X)-13  to  provitte  minimum  requirements  for  the  implementation  of 
high-speed  runway  tumo^. 


Table  of  Contents 


Table  of  Contents 


CHAPTER  1  Introduction  1 

Background  and  Problem  Statement  1 

Previous  Research  2 

Research  Objectives  4 

Methodology  6 

Monte  Carlo  Simulation  Technique  6 

Interactive  Software  Package  6 

Differences  with  Previous  REDIM  Model  6 

Aircraft  Landing  Weight  Factors  7 

Aircraft  Landing  Data  Generation  Methods  7 

Addition  of  Runway  Reference  Analysis  7 

Range  Solution  for  Exit  Locations  7 

CHAPTER  2  Dynamic  Formulation  of  Aircraft  Landing  Pro¬ 
cesses  and  Simulation  9 

Model  Formulation  9 

Air  Phase  9 

Free  Roll  Phases  12 

Braking  Phase  13 

Turnoff  Phase  14 

Deceleration  Distance  and  ROT  19 

Data  Generation  via  Monte  Carlo  Simulation  20 

Enhancements  of  the  Model  in  Hiase  n  21 

Enhanced  Braking  Algmithm  21 

Turnoff  Algorithm  Validation  Procedure  23 

Aircraft  Landing  Weight  Factors  23 

Turnoff  Time  Estimation  28 

Touchdown  Variations  with  Runway  Length  28 

CHAPTERS  Optimization  Model  and  Solution  Algorithms  31 

Matherrutical  Model  31 

Individual  Runway  Occupancy  Time  (IROT)  Estimation  32 
Dynaiitic  Programirting  Fbrmulatitm  33 

Algmithmic  Development  37 


Comparison  of  Phase  n  and  Phase  I  Optimization  Approaches  37 


Tabto  of  Contents 


CHAPTER  4  Turnoff  Geometric  Design  Compatibility 

Issues  39 

Runway  Lateral  Constraints  and  Their  Assessment  39 

Turnoff  Entry  Speed  Limitations  44 

Pilot  Visibility  Issues  at  Taxiway  and  Runway  Junctions  47 
Pilot  Reaction  Times  and  Turnoff  Deceleration  Schedule  48 
Junction  Maneuvering  Speeds  52 

Runway  Longitudinal  Constraints  52 

Characterization  of  Existing  Turnoff  Geometries  54 

Characterization  of  REDIM  Generated  Turnoff  Geometries  56 

Turnoff  Conflict  Resolutitm  Procedures  57 

CHAPTER  5  REDIM  2.0  Software  Package  61 

Model  Structure  61 

Main  Menu  61 

Input  Module  62 

Data  Classification  63 

Analysis  Type  and  Related  Data  63 

Aircraft  Mix  63 

Airport  Operational  Data  63 

Airport  Environmental  Data  63 

Runway  Gradient  63 

Weather  64 

Data  Input  Method  64 

Procedures  in  Input  Module  64 

Editing  the  Data  File  64 

Editing  the  Master  File  64 

Analysis  Types  and  Their  Input/Output  Relationships  65 

Computational  Modules  65 

Ou^ut  Module  66 

Working  Data  Hie  66 

Master  Data  Hie  66 

Printing  a  Summary  Reptnrt  66 

Print-Screen  Output  Capabilities  67 

Model  Computational  Aspects  68 

Hardware  Requirements  68 

CHAPTER  6  REDIM  AppUcations  69 

Philadelphia  International  Airport  69 

Baltmxm- Washington  International  Airport  74 


TabI*  of  Contanta 


CHAPTER? 


CHAPTERS 

BroUCXjRAPHY 
Appendix  A 
Appendix  B 
Appendix  C 


Boston  Logan  International  Airport  78 

Washington  National  Airport  82 

New  York  Kennedy  International  Aiipon  86 

Newark  International  Airport  90 

Seattle-Tacoma  International  Airport  95 

Phase  m  Research  Topics  101 

Potential  Capacity  and  Delay  Improvements  Using  Rapid 
Runway  Turnoff  Geometries  101 

Simulation  R^ults  Using  Existing  Air  Traffic 
Control  Rules  102 

Future  Air  Traffic  Control  Scenarios  106 

Right  Simulation  Experiments  107 

Turnoff  Geometry  Experiments  108 

Runway  Turnoff  Location  Experiments  111 

Runway  Length  Influence  on  Pilot  Landing 
Roll  Behavior  115 

Experimental  Design  Procedures  116 

Conclusions  and  Recommendations  1 19 

Conclusions  1 19 

Recommendations  121 

123 

Comparison  of  Turnoff  Geometries  1 29 

Aircraft  Data  133 

ROT  Results  for  Selected  Aircraft  Mixes  1 39 


VII 


Uatof  FIguras 


List  of  Figures 

FIGURE  2.1  Aircraft  Landing  Roll  Phases  Modeled.  10 

FIGURE  2.2  Final  Flight  Path  Diagram.  11 

FIGURE  2.3  Generalized  Aircraft  and  Turnoff  Cootdinates.  IS 

FIGURE  2.4  Side  Skid  Ricdon  G)efficient  Variations  with  Speed.  16 

FIGURE  2.5  Vaiiatioiis  of  Tire  Scrubbing  Coefficient  with  Radius  of  Curvature.  17 

FIGURE  2.6  Generalized  Aircraft  Speed  Schedule  on  a  Runway.  22 

FIGURE  2.7  Aircraft  Nonlinear  Deceleration  Modd  Sensitivity  for  N^rious  Runway  Exit 

Locations.  23 

FIGURE  2.8  Aircraft  Nonlinear  Deceler  uion  Model  Sensitivity  for  l^rious  Decision  Point 

Locations.  24 

FIGURE  2.9  Maximum  Effrat  vs.  Operational  Aircraft  ThrnoffHajecuxy  Comparison  fora  Fbur 

Engine  Business  Jet.  24 

FIGURE  2.10  Tire  Side  Force  Histories  for  Prcqxised  Turnoff  Geometries  Under  a  Simple  Maiuial 

Control  Strategy.  2S 

FIGURE  2.11  PDF  Plot  of  Boeing  737*200  Weight  Facuv  Variations  (Adapted  ftom  Credeur  and 

Capron.  1989).  27 

FIGURE  2.12  Landing  Roll  Distance  Histogram  for  Airbus  A-300-600  (High  wf).  27 

FIGURE  2.13  Landing  Roll  Distance  Histogram  fra  Airbus  A-300-600  (Low  wO.  28 

FIGURE  4.1  Generalized  HirndGr  Geometry.  4^^ 

FIGURE  4.2  Aircraft  Speed  vs.  Lateral  Distance  Traveled  on  a  Standard  FAAAcute  Angle  (30 

degrees)  Runway  Turnoff  at  26  m/s  Design  Speed.  41 

FIGURE  43  Recommended  Runway  to  Taxiway  Sqraiation  Criteria  fra  Standard  FAA  30  Degree, 

Acute  Angle  Geometries.  41 

FIGURE  4.4  Aircraft  Speed  vs.  Lateral  Distance  Haveled  on  a  Modified  FAA  30  Deg.  Runway 

Turnoff  with  a  427  m.  (1400  ft.)  EiuranceSinral.  43 

FIGURE  43  Reconunended  Runway  to  ThxiwaySqwaiion  Criteria  fra  Modified  FAAAcute 

Angle  Geometry  with  427  m.  0400  ft.)  Spiral.  43 

FIGURE  4.6  RecommendedRuiway  to  Thxiway  Separation  Criteria  fra  Commuter  Aircraft 

(TERPB)  using  REDIM  Geoinetries  (30  Deg.  Exit  Angle).  46 

FIGURE  4.7  Recommended  Runway  to  ThxiwaySqraration  Criteria  fra  Commuter  Aircraft 

(TERPB)  using  REDIM  Geometries  (2SD^.  Exit  Angle).  46 

FIGURE  43  Recommended  Runway  to  TniwaySeparaiiraiOiteria  fra  Cdtnmuter  Aircraft 

(TERPB)  using  REDIM  Geoinetries  (20  D^.  Exit  Angle).  47 

FIGURE  4.9  Recommended  Runway  to  ThxiwaySeparatioo  Criteria  fra  Medium  ThmqxHtTVpe 

Aircraft  (TERPQ  using  REDIM  Geometries  (30  Deg.  Exit  Angle).  49 

FIGURE  4.10  Recommended  Runway  to  Thxtway  Separation  Criteria  fra  Medium  Transport  Type 

Airciaft  (TERPQ  using  REDIM  Geometries  (25  Deg.  Exit  Attgle).  49 


VHI 


Ustef  Flguras 


FIGURE  4.11  Recommended  Runway  to  Taxiway  Separation  Criteria  for  Medium  TranspcHt  Type 

Aircraft  (TERP  C)  using  REDIM  Geometries  (20  Deg.  Exit  Angle).  SO 

FIGURE  4.12  RecommendedRunway  to  Taxiway  Separation  Criteria  fra  Heavy  TranqxHt  Type 

Aircraft  (TERP  D)  using  REDIM  Geometries  (30  Deg.  Exit  Angle).  SO 

FIGURE  4.13  RecommendedRunway  to  Ikxiwriy  Separation  Criteria  for  Heavy  Transport  Type 

Aircraft  (TERP  D)  using  REDIM  Geometries  (2S  Deg.  Exit  Angle).  SI 

FIGURE  4.14  RecommendedRunway  to  Taxiway  Separation  Criteria  for  Heavy  iransportiype 

Aircraft  (TERP  D)  using  REDIM  Geometries  (20  Deg.  Exit  Angle).  SI 

FIGURE  4.1S  Turnoff  Geometry  Dictated  by  Sqraration  Minima  Constraints.  S3 

FIGURE  4.16  General  Turnoff  Segmentation  for  Dlong  and  D  lat  Characterization.  S4 

FIGURE  4.17  Samide  Ttunoff  Conflict  Resolution  Scenarios.  S8 

FIGURE  S.l  REDIM  2.0  Modular  Breakdown  62 

FIGURE  6.1  Schematic  of  Philadelphia  International  Airprat  (Camden).  71 

FIGURE  62  Schematic  of  Baltimore- Washington  International  Airport  Runway  1SL-33R.  74 

FIGURE  6.3  Schematic  of  Boston  Logan  International  Airport  74 

FIGURE  6.4  Schematic  of  Boston  Logan  IntematiraialAirpral  79 

FIGURE  6.S  Schematic  of  Washington  National  Airport  82 

FIGURE  6.6  Schematicof  New  York  JFK  Runway  13R-31L.  86 

FIGURE  6.7  Schematic  of  Newark  International  Airport  Runway  11-29.  92 

FIGURE  6.8  Schematic  of  Sea-Tac  International  Airport  Runway  16R-34L.  % 

FIGURE  7.1  Airport  Topology  for  Opacity  and  Delay  Analysis.  102 

FIGURE  7.2  Arrival  Delay  Curves  fra  Various  Airport  Scenarios.  103 

FIGURE  7.3  Dqrarture  Delay  Curves  fra  Various  Airprat  Scenarios.  103 

FIGURE  7.4  Turnoff  Geometry  Simulation  Diagram.  110 

FIGURE  1.5  Expected  Aircraft  State  Variables  fra  a  Turnoff  Geometry  Test  112 

FIGURE  7.6  Aircraft  Thrust  Variables  fra  a  Typical  Turnoff  Geometry  Test  112 

FIGURE  7.7  Aircraft  Deceleration,  Heading  Angle  and  Speed  Time  Histories  During  a 

Turnoff.  113 

FIGURE  7.8  Diagram  fra  Runway  Dtrnoff  Location  Experiments..  US 

FIGURE  7.9  Typical  Aircraft  Landing  Roll  Phases  fra  Pilot  Bdiavknal  Studies  fra  Varioos  Run¬ 
way  Lengths.  116 

FIGURE  A.1  Comparison  of  FAA  Standard  Geometries  and  REDIM  3520  Geometry  (Boeing  727- 

200  used  as  critical  aircraft).  130 

FIGURE  A2  Comparison  of  FAA  Standard  Geometries  and  REDIM  3520  Geomrary  (Boeing  747- 

200  used  as  critical  aircraft).  131 

FIGURE  A.3  Wide  Throat  Geometry  Comparison  with  REDIM  3520  Geometry  (Boeir^  727-200 

used  as  critical  aircraft).  132 


List  of  Tabiss 


List  of  Tables 


TABLE  2.1  Defiuilt  Landing  Weight  Factors  Parameter  Values  Used  in  REDIM  2.0.  26 

TABLE  4.1  Horizontal  and  Vertical  Visilnlity  Angles  for  Various  Aircraft.  48 

TABLE  4  J2  Geometric  Characterization  of  Existing  Runway  Turnoffs  (Metric  System).  55 

TABLE  43  Geometric  Characterization  of  Existing  Runway  Tiimoffs  (English  System). 

TABLE  4.4  Turnoff  Parameters  for  Various  Aircraft  Design  GroiqK  and  Approach  Categories 

C  and  D[FAA.  1989].  56 

TABLE  43  Recommended  Lead-out  Radii  Ax' Wide  Throat  Geometry.  56 

TABLE  S.l  REDIM  2.0  Summary  RqxxtCoiitents.  70 

TABLE  6.1  Turnoff  Data  for  Runway  35  at  Philadelphia  International  70 

TABLE  63  Turnoff  Data  for  Runway  17  at  Philadelphia  International.  70 

TABLE  63  Aircraft  Mix  at  Philadelphia  Intmnationa]  for  Runway  35-17.  71 

TABLE  6.4  Runway  Occupancy  Tune  Results  for  Runway  35  at  Philadelphia  International 

Airport  72 

TABLE  6.5  Turnoff  Data  for  Runway  15L  at  Baltimore  Washittgton  Airport  75 

TABLE6.6  Turnoff  Data  for  Runway  33R  at  Baltimore  Washirigton  Airport  75 

TABLE  6.7  Aircraft  Mix  at  Baltimore  Washington  International.  75 

TABLE  6.8  Runway  Occupancy  Time  Results  for  Runway  15L-33R  at  BWI  International 

Airport  76 

TABLE6.10  Turnoff  Data  for  Runway  09  at  Logan  Internatioral  Airport  78 

TABLE6.il  Aircraft  Mix  at  Boston  Logan  International  Airpoit  78 

TABLE  6.9  Turnoff  Data  for  Runway  27  at  Logan  Inianational  Airport  79 

TABLE  6.12  Runway  Occupancy  Time  Results  for  Runway  09-27  at  Boston  Logan  Interna¬ 
tional  Airport  80 

TABLE  6.13  Turnoff  Data  for  Runway  15  at  Washington  National  Airport  83 

TABLE6.14  Turnoff  Data  for  Runway  33  at  Washirigton  National  Airport  83 

TABLE6.15  Aircraft  Mix  at  Washington  National  Airport  83 

TABLE6.16  Runway  Occupancy  Tune  Resultt  for  Runway  15-33  at  National  Airport  84 

TABLE6.17  Ttimoff  Data  for  Runway  13R«  Kennedy  International  Airpott  86 

TABLE6.18  Ihrnt^DaiafarRanway  31L  at  Kennedy  Imernational  Airport  87 

TABLE6.19  Aircraft  Mix  at  Kennedy  International  Airport  87 

TABLE  630  Runway  Oociqrancy  Tune  Resubs  for  Runway  13L-31R  at  New  York  Interna¬ 
tional  Airport  88 

TABLE  631  Ttanoff  Data  for  Runway  11  at  Newaric  Airport  90 

TABLE  632  Ihnoff  Data  for  Ruiway  29  at  Newark  Airport  90 

TABLE633  Aireiaft  Mix  at  Newark  Abport  91 

TAnLE634  Runway  Occupancy  Time  Resuhs  for  Runway  11-29  at  Newark  International 


UstofTabtas 


TABLE  6.?5 
TABLE  6^ 
TABLE  627 
TABLE  628 

TABLE  7.1 
TABLE  72 
TABLE  72 
TABLE  7.4 
TABLE  72 

TABLE  7.6 
TABLE  7.7 
TABLE  7.8 
TABLE  7.9 
TABLE  7.10 
TABLE7.il 
TABLE  7.12 
TABLE  7.13 
TABLE  B.l 
TABLE  B.2 
TABLE  B.3 
TABLE  B.4 
TABLE  B.S 
TABLE  C.1 

TABLE  C.2 

TABLE  C.3 


AiiporL  92 

Turnoff  Data  for  Runway  16R  at  Seatac  International  Airport  95 

Turnoff  Data  fOT  Runway  34L  at  Sealbc  International  Aiipm.  95 

Aircraft  Mix  at  SeaTac  International  Airport  % 

Runway  Occupancy  Iline  Results  for  Runway  16R  at  Seattle-Tacoma  Intenu- 
tional  AirptHt  97 

Runway  Scenarios  Investigated  to  ROT  Gain  Analyses.  105 

Aircraft  Population  Used  to  Capacity  and  Delay  Analyses.  105 

Summary  of 'Dimoff  Locations  toCapacity  and  Delay  Airptxt  Scenarios.  106 

Current  and  Future  AFC  Aircraft  Inter-Arrival  Separation  Criteria.  107 

Aircraft  Simulator  Veuiables  to  be  Extracted  to  Turnoff  Geometry 
Experiments.  108 

Turnoff  Geometries  to  be  Tested  in  the  Boeing  727-200  Simulator.  113 

Turnoff  Geometries  to  be  Tested  in  the  Boeing  727-200  Simulator.  113 

Location/Geometry  Scenarios  to  be  Investigated  (REDIM  120).  114 

Aircraft  Simulator  Variables  to  TbmoffLocation/Geomeiry  Experiments.  114 

Runway  Lengths  Selected  for  Full  Landing  R(dl  Testing.  116 

Experimental  Order  of  Execution  to  Tiimoff  Geometry  Tests.  117 

Experimental  Onto  of  Execution  for  Turnoff  Location  Tbsts.  117 

Experimental  Order  of  Execution  for  Turnoff  Location  Ibsts.  118 

Aircraft  Data  to  TERPCategoryiesC  and  D.  133 

Data  for  Single  Engine  Aircraft  (TERP  Category  A).  134 

Data  to  Twin-Engine  Business  Aircraft  (TERPCategmyB).  135 

Data  to  Business,  Turbofan-Powered  Aircraft  (TERP  Cat^ories  B  and  Q. 

Aircraft  Data  for  Commuter  Aircaft  TERP  (Cat^gtay  B).  136 

Optimal  Turnoff  Locations  to  MD-80,  B727,  B737  and  B757  Pt^xilation  and  40 
and  50  second  ROT  Limits.  139 

Optimal  Turnoff  Locations  for  DC' 10,  B427.  B767andL1011  Populationand40 
and  50  second  ROT  Limits.  140 

Boeing  727-200  Opdtnal  Location  Results  to  Vvious  Exit  Speeds  and  ROT 
Limits  (95%  Reliability).  141 


CHAPTER  1 


Introduction 


1.1  Background  and  Problem  Statement 


Air  transpoitatiai  infrastnicture  in  recent  times  has  been  burdened  by  high  demand  com¬ 
pared  to  the  limited  capacity  available  causing  numerous  delays.  The  gap  between  air  trans¬ 
portation  supply  and  demara!  sems  to  be  closing  even  as  the  number  of  annual  aircraft 
operations  increases  at  modest  pace.  These  delays  have  economic  impact  on  the  users  and 
the  suppliers  of  air  tran^rtation.  Recent  statistics  indicate  duit  neariy  $3  Irillitm  are  paid 
by  the  air  travellers  due  to  the  delays  in  the  U.S.  with  another  $2.1  billion  paid  by  airlines 
according  to  the  Federal  Aviatitm  Administration  [FAA,  1988].  U.S.,  scheduled  air  carriers 
recorded  a  total  of  429.1  billion  revenue  passenger  miles  in  fiscal  year  1989  and  over  the 
12-year  forecast  period  the  revenue  passenger  miles  are  projected  to  increase  at  an  average 
annual  rate  of  4.9  percent,  reaching  765.6  billion  in  fiscal  year  2001  [FAA,  1990].  Airlines 
have  changed  their  routing  sy^em  from  predmninantly  linear  operations  to  a  luib-and- 
spoke  system.  The  develqrment  of  connecting  hub  airports  has  led  to  high  frequencies  in 
peak  hours  at  major  airports  and  as  a  result  approxima^y  21  airports  are  experiencing  se¬ 
rious  congestion  problems.  Another  side  effea  of  hub  and  qxrke  system  is  the  chain  effect 
of  delays  experienced  by  fire  iruerctmnected  airports.  Aocon^  to  FAA  the  number  tff  con¬ 
gested  airports  will  increase  to  fifty  by  die  aid  of  the  century  [FAA,1988]  and  one-fiftti  of 
them  will  erqietiaioe  more  dian  50,000  hours  of  system  imposed  delays.  The  construction 
of  new  airports  to  alleviate  dds  ptoUem  is  a  slow  and  iterative  process  dtre  to  die  scarcity 
of  land,  limited  financial  resources  and,  local  qpposidon  due  to  possible  environmertal  pol¬ 
lution.  The  FAA  currently  engaged  in  die  development  of  system  wide  strategies  to  increase 
the  Nadcmal  Airqnce  System  (NAS)  capaci^  in  several  fnmts  ranging  fiom  upgrades  to 
the  existing  Air  lYaffic  Cbntrol  System  to  mediods  to  reduce  die  runway  service  time. 

In  order  to  study  an  airport  as  a  system,  it  has  been  customary  to  chaiacteiiae  an  airport  imo 
two  main  components:!)  Airside  and  2)  Landside.Theae  are  in  turn  divided  Inio  subcom- 
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ponents.  The  Airspace  and  Air  Traffic  Control  (ATQ,  the  ninways.  taxiways  and  tpons 
and  gates  constitute  subcomponoits  of  the  aiiside  white  terminal  buildings,  parting  and 
ground  access  facilities  ate  categorized  as  landside  subcomponents. 

Every  subcomponent  has  influence  towards  the  capacity  of  die  airport  and  each  (me  should 
complerrrent  each  other.  Capacity  is  defined  as  the  processing  capainlity  of  a  service  facility 
over  some  period  of  time.  Traditionally  die  capacity  of  individual  airport  subcomponents 
have  been  evaluated  and  the  most  critical  orre  would  dictate  the  airport  crputity.  Of  the  two 
main  components  the  airside  has  in  general  been  the  critical  componoit  v^ch  dictated  the 
capacity  of  the  airport  To  increase  the  ci^ity  of  the  existing  air  tran^rtaticm  system 
several  topics  of  interest  have  been  identified  by  FAA  one  of  diem  being  the  possiUe  re¬ 
duction  of  runway  occupancy  time  and  its  variance. 

Runway  occupancy  time  (ROT)  of  aircraft  is  one  of  die  important  factors  affecting  the  ca¬ 
pacity  of  a  runway  which  in  turn  translates  in  an  airport  c^iacity.  ROT  is  the  time  that  an 
aircraft  (xxai(nes  the  runway  until  a  new  operation  (arrival  or  departure)  can  be  processed. 
Some  of  the  most  important  factors  diat  influence  runway  capacity  are: 

•Intrail  sqniations 
•Aircraft  populatioa  mix 
•Exit  locations  and  their  type 

Several  studies  have  suggested  that  by  improving  some  of  diese  factors  there  would  be  an 
increase  in  crqiacity  of  a  single  runway  by  20%  [Barter  and  Diehl.  1988]. 

U  Previous  Research 


Research  on  the  subjea  started  with  the  jnoneering  work  of  Robert  Horonjeff  in  the  late 
fifties  [Horcmjeff,  et  al..  19S9, 1960  and  1%!].  Horonjeff  proposed  standards  for  45  and 
30  Degree  angle  geometries  that  later  were  adopted  by  die  FAA  and  ICAO  with  subtle  dif¬ 
ferences  [FAA,  1989;  ICAO.  1986].  This  work  was  the  first  one  to  recognize  the  critical 
relationship  between  turnoff  l(x»ti(m  and  turnoff  geometry  and  die  reseandi  culminated 
with  the  d^eloped  a  mathonatical  rruxld  to  locate  exit  taxiways  for  a  limited  mmiber  of 
scenarios  0>e.,  two  exit  taxiway  qieeds  and  a  reduced  aircraft  population).  The  results  of 
this  model  ocmduded  that  the  optimum  locatkm  of  runway  turnoffii  is  ({uite  sensitive  to 
aircraft  pt^wlation,  number  of  exits,  and  exit  qreeds.  The  same  model  used  external  aimo- 
sfdieric  correcticms  to  modify  die  basdine  results  due  to  roeteonriogical  and  geographical 
ccmditions.  However,  only  two  exit  speeds  0.e..  40  and  60  m.pJi.)  and  a  limited  number  of 
aircraft  populations  were  investigated  thus  making  die  model  of  limited  use.  RudieinKMe, 
sinoe  die  ainaaft  populations  used  comprised  **old”  aiiciaft  1^  cunrnit  standards  die 
results  need  revision.  The  pioneering  effort  of  die  Horoi^  team,  however,  generated  a 
good  amount  of  inftnmatian  r^aiding  the  oomering  c^idiUities  of  aircraft  and  also 
obtained  data  on  several  ligitting  ndiemes  to  help  pilots  n^otiate  these  turooffi  under 
adverse  weather  conditions.  The  Horoi^  team  pmfbnned  exteuive  o^mimenis  to  taA 
die  accqitable  turning  radios  at  a  given  exit  qi^.  The  results  st^getied  two  centered 
corves  for  the  turnoff  geometry  qiproximating  die  tracks  derived  fiom  empirical  observa¬ 
tions  for  a  Boeing  KC-133  alicraft. 
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1.2  Previous  RcMarch 


In  1970,  FAA  proposed  standards  for  high  speed  exits  using  HoronjefTs  results  for  30  and 
45  Degree  geometries.  A  1800  ft  radius  of  curvature  was  adopted  for  the  centerline  track 
of  the  turnoff  for  the  30  Degree  exit  geometry  with  a  baseline  design  speed  of  26.7  mVsec. 
(60  MPH).  According  to  HoronjefTs  findings  the  45  Degree  turnoff  was  rated  at  17  m./sec. 
(40  MPH).  The  high  speed  turnoff  incorporated  a  straight  61  m.  entrance  track  emulating  a 
large  radius  of  curvature  suggested  by  Horonjeff.  ICAO  adopted  die  Horonjeff  standard  us¬ 
ing  two  radii  of  curvature  (ICAO,  1977). 

Schoen  et  al.  [Schoen  et  aL,  1985]  investigated  the  turnoff  trajectory  of  high  speed  taxiing 
aircraft  in  an  isolated  basis.  The  resulting  stuqie  of  die  aircraft  turnoff  was  a  variable  cur¬ 
vature  geometry  with  a  continuously  decreasing  radius  of  curvature.  The  end  result  of  diis 
research  was  a  computer  program  to  calculate  the  (x,  y)  coordinates  of  the  geometry,  con¬ 
sidering  exit  speed  and  aircraft  turning  ability.  The  findings  of  this  researdi  suggested  that 
aircraft  moment  of  inertia  played  an  important  factor  in  dictating  the  initial  trajectory  of  the 
turnoff  maneuver.  This  research  also  showed  that  ROT  values  of  30  seconds  are  possible  at 
the  expense  of  large  turning  radius  and  extremely  high  exit  ^leeds  (e.g.,  110  MPH  for  a 
Boeing  747).  Very  high-speed  turnoff  results  should,  however,  be  treated  cautiously  since 
at  such  high  speeds  the  controllability  of  aircraft  on  die  ground  could  become  a  serious  op¬ 
erational  deterrent 

A  recem  study  on  turnoff  geometries  was  conducted  by  Aviation  Dqiarttnent  staff  of  Dade 
County,  Florida  (Garret  al.,  1980;  Witteveen,  1987;  and  Haury,  198'h.After  testing  various 
types  of  geometries,  lighting,  and  marking  scenarios  in  an  LlOll  flight  simulator  a  “wide 
throat”  geometry  was  derived  having  an  entrance  spiral  length  of  244  m.  (800  ft.)  and  ta¬ 
pering  off  with  a  122  m.  (400  ft),  radius  of  curvaiure.Figure  A.3  in  Appoidix  A  dqticts 
gn^cally  the  peculiarities  of  this  turnoff  geometry.  This  type  of  turnoff  geom^  has 
bem  imidement^  at  Miami  International,  Baltimore- Washington  Intematitmal,  Indian^ 
olis  and  Orlando  International  Airports.  The  wide  entrance  throat  of  this  geometry  is  iq[>- 
pealing  in  situations  where  lateral  spacing  restrictions  between  the  runway  and  the  nearest 
parallel  taxiway  are  severe  (i.e.,  1^  than  183  m.).  However,  the  ending  radius  of  curvature 
of  only  244  m.  might  be  a  limiting  factor  indie  operational  ct^iabilities  of  this  exit  to  handle 
large  aircraft  above  17  m./s.  (37  knots)  in  a  routine  basis.  The  FAA  is  currently  oigaged  in 
evaluating  this  geometry  in  the  Boeing  727-200  simulator  and  in  a  real  aircraft 

The  publication  of  Advisory  Circular  150/53(X)-12  [FAA,  1983]  incorporated  several  sig¬ 
nificant  changes  to  die  well  established  30  degree  angle  exit  geennetry  adopted  in  die  early 
seventies.The  most  notaUe  change  has  been  die  incorporatitm  of  a  427  m.  (1400  ft.)  ^ral 
transition  curve  to  smoodi  die  initial  aircraft  path  while  tranationing  ftxim  a  straight  line 
path  (i.e..  an  infinite  radius  centerline  track)  to  a  finite  centerline  turnoff  trajectory. 

Regarding  the  carnal  location  of  runway  tumofft  the  problem  has  been  researched  in  at 
leaa  four  well  documented  instances.  Horonjeff  et  aL  [Horonjeff  aL,  1961]  proposed  an 
optimizatitHi  model  based  upon  the  maximization  of  die  aircraft  arrival  acoqicanoe  rate  un¬ 
der  saturated  operational  conditions.  The  main  {HoUem  widi  this  modd  howevo;  was  die 
uncertainty  of  irqwt  parameters  in  terms  of  bivariate  randcmi  vaiiaMes  represemed  by  die 
mean  distance  and  time  for  an  aircraft  to  deoeletate  to  a  (uedetermined  exit  qieed.  Tltis 
model  could  not  address  airfield  specific  enviroranemal  factors  nor  aircraft  operational 
varidries  (e.g.,  aircraft  landing  weight  variations)  dictating  die  landir^  distance  and  time 
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distributions. 

In  1974,  Daellenbach  [1974]  developed  a  dynamic  programming  model  which  in  many  re¬ 
spects  is  equivalent  to  the  Horonjeffs  approach  with  added  extensions.  Daellotbach  re¬ 
moved  the  assumption  of  a  specific  arrival  pattern  thus  adding  mote  realism  to  the  model. 
Daellenbadi's  model  however,  also  requires  the  krmwledge  of  joint  landing  distributions 
which  are  in  fact  difficult  to  assess  unless  extensive  data  is  availatde  under  many  scenarios. 

In  a  paralld  effort  Joline  [Joline,  1974]  developed  another  dynamic  {vogramming  model  to 
find  the  t^ximal  number  of  exits  atxl  their  locations  with  respect  to  die  combined  objective 
function  of  ROT  and  exit  construction  cost  While  Horonjeff's  model  and  Dadloibach's 
model  required  the  joint  distributions  of  landing  distance  and  time  for  each  aircraft  type, 
Joline's  model  used  a  univariate  distribution  of  'ideal  exit  locatkm'  for  a  mixed  aircraft  p(^ 
ulatiort  Joline  classified  aircraft  into  three  categories  based  on  tire  aircraft  size,  and  fourid 
the  distributions  of  ideal  exit  locations  for  these  three  aircraft  classes  based  on  tire  obser¬ 
vations  of  aircraft  landing  operatiorrs  in  Chicago  O'Hare  Airport.  The  ideal  exit  location 
distribution  for  entire  aircraft  population  was  fourrd  by  combining  the  three  distributitms 
accordiitg  to  the  proportions  of  the  three  aircraft  classes.  As  mentioned  earlier,  tiiere  are 
several  factors  influencing  the  aircraft  landing  distance  sudi  as  the  design  exit  speed,  land¬ 
ing  weight,  etc.  Joline's  model,  like  the  previous  models,  did  not  address  these  variaUes. 

The  last  effort  in  the  optimal  location  of  runway  exits  was  performed  at  the  Center  for 
Transportation  Research  at  Virginia  Tech.  The  effort  in  the  previous  research  i^uise  was  to 
develop  algoritiims  suitable  to  be  used  in  a  realistic  airport  environment  with  the  inclusion 
of  several  aircraft  ^pedfic  variables  in  the  model  developed.  This  work  suggested  tire  use 
of  a  a  combination  of  a  dynamic  programming  algorithm  with  continuous  simulation  pro¬ 
ducing  an  first  generatitxi  REDIM  model  [Sherali  et  al.,  1991;  Trani  and  Hobeika  et  al., 
1990].  This  new  (Aiase  tries  to  expand  cm  tiie  notions  i»eviously  reported  and  incorporates 
mote  flexibility  realism  to  the  existing  REDIM  model. 

1 J  Research  Objectives 


The  purpose  of  this  research  is  to  investigate  the  viability  of  optimizing  ttie  location  arrd 
geometric  design  of  i^d  runway  tumoffir  and  develop  a  computer  simulation  model  to  ex¬ 
ecute  these  tasks  in  a  routine  and  interactive  basis.  This  rqxnt  represents  a  second  phase  in 
a  task  to  fully  devekq)  and  inqrlement  rapid  runway  tutnofis  undm^  realistic  airport  scenar¬ 
ios  as  part  of  the  research  program  qxmsored  by  the  Federal  Aviation  Administration  and 
NASA  to  reduce  tire  service  time  of  current  and  future  runway  focilities.  This  report  builds 
uptm  algoritinns  to  developed  in  Phase  I  using  an  integrated  dynamic  simulatim  and  dy¬ 
namic  programming  tqiproadi  to  estimate  t^rtimal  runway  nimoff  locations  minimizing  the 
wdgjhitMl  average  runway  occupancy  time,  WAROT.  Tte  phase  enhances  the  fisatures  of 
the  Runway  Exit  Design  Interactive  Modd  (REDIM)  whose  pielimiiury  develqiment  was 
rqrorted  in  FAA/DOT  research  report  RD-9(y32J  [Trani  aid  Hobeika  et  al.  1990].The 
modd  was  revised  to  provide  variake  angle  tutnoflk  consistent  with  FAAsafisty  standards 
and  ultimatdy  to  design  guidelines  and  (^rerational  issues  associated  widi  newly  developed 
turrwff  geometries. 
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The  Runway  Exit  Design  Interactive  Model  version  2.0  (REDIM  2.0)  developed  in  this  re¬ 
search  effort,  incorporates  several  upgrades  from  its  predecessor  in  order  to  {Hovide  added 
flexibility  in  the  estimation  of  optimal  turnoff  locations  and  gemnetries.  The  model,  like  its 
predecessor,  addresses  ^cific  airfield  variables  that  affect  the  landing  performance  of  die 
aircraft  as  well  as  important  operational  constraints  (e.g.,  aircraft  mix)  that  have  a  direa  im- 
paa  on  the  selection  of  the  turnoff  location  and  their  geometry.  The  model  is  ccmiprised  of 
three  modules:  1)  an  interactive  input  module,  2)  a  dynamic  simulation  and  optimization 
module  to  estimate  the  ROT  times  for  individual  aircraft  and  their  optimal  exit  locations 
and  3)  an  output  module  to  show  gn^cally  and  in  tabular  form  the  suggested  runway 
turnoff  configuration  and  display  some  measures  of  effectivaiess  of  aircraft  landing  oper¬ 
ations.  The  program  contains  a  liteuy  of  gemnetric  and  (qreraticmal  aircraft  duuacteristics 
to  allow  the  analyst  to  choose  from  a  wide  selection  of  aircraft  operating  under  realistic  air¬ 
port  conditions.  Enhancements  to  the  input  module  allow  quick  prototyping  of  various  run¬ 
way  scenarios  through  very  simifie  data  input  scrBens.Also  oihancemaits  to  the  output 
ctpalMlities  of  the  program  have  been  made  to  facilitate  the  output  of  hard  coines  in  a  vari¬ 
ety  of  printers. 

The  program  considers  four  broad  types  of  analyses:  1)  evaluation  of  an  existing  rtmway, 
2)  improvement  of  an  existing  runway  3)  design  of  a  new  runway  facility  and  4)  individual 
aircraft  landing  roll  behavior.  In  die  evaluation  mode  REDIM  estimates  several  measures 
of  effectiveness  indicative  of  the  operational  capabilities  of  an  existing  runway  facility.  In 
this  mode  the  user  inputs  the  numter,  type  and  location  of  existing  turnoffs  as  well  as  the 
rdevant  aircraft  population  data  and  the  model  predicts  the  average  runway  occupancy 
time  (WAROD,  the  particular  exit(s)  that  an  aircraft  can  take,  and  die  probabiliQ^  of  each 
aircraft  taking  the  assigned  exit(s).  Another  potential  use  of  this  mo^  is  to  serve  as  a 
benchmark  to  perform  valid  comparisons  between  different  runway  alternatives. 

The  second  mode  of  operatitm  deals  with  the  redesign  of  a  runway  ftunlity.  In  this  sceruuio 
it  is  expected  that  the  user  mi^t  want  to  erqrlore  the  possibility  of  adding  new  high-speed 
turnoffs  to  an  existing  facility  and  examine  dieir  impact  in  the  tperafitmal  efficiency  of  die 
facility.  Irputs  in  this  mode  are  the  number  and  type  of  existing  turnoffs,  their  locatitms,  the 
number  of  new  turnoffs  to  be  constructed  and  a  relialnlity  parameter.  The  outputs  are  die 
location  and  geometry  of  eadi  new  turnoff,  the  weighted  average  runway  occupancy  time, 
and  an  aircraft  assignment  table  omtaining  individual  runway  occupancy  tunes  and  the  in¬ 
dividual  aircraft  probabilities  of  taking  every  existing  and  new  exits. 

In  the  third  mode  of  operatkm  RQ>IM  estimates  die  optimal  location  of  runway  turnoffs 
and  their  cortespcmding  geometries.  An  assignment  udfie  is  given  to  the  user  indicating  die 
tumoff(s)  associated  widi  each  aircraft  and  dieir  individual  runway  occipancy  times.  The 
weighted  average  runway  occipancy  time  is  also  estimated  as  a  glotial  runway  operatitmal 
parameter  and  sensitivity  studies  can  easily  be  ctmducted  by  dunging  die  number  of  turn¬ 
offs  allocated  to  a  spedfic  nmway.  Irputs  by  die  usor  in  this  mode  are  the  number  of  exits 
to  be  constructed  and  the  desired  exit  reliadlity  parameter. 

The  fourdi  mode  addresses  an  individual  aircraft  landirig  roll  scenario  vdKie  the  uaer  wants 
p  know  spedfic  results  about  the  eiqiected  runway  occupancy  time  uid  landing  roll  dy¬ 
namics  of  a  particular  airuaft.  This  rriode  is  primarily  envisioii^  P  serve  as  anindividnal 
calibration  tool  for  critical  aircraft  analyses. 
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More  detailed  descriptions  of  these  four  modes  of  operation  will  be  given  in  the  remaining 
cluq)ters  of  this  report  REDIM  blends  the  prindides  of  crntinuous  simulation  with  those 
of  mathematical  optimization  to  find  the  best  tumofif  locations  and  corresponding  turnoff 
geometries  for  a  myriad  of  possibilities.  The  program  was  designed  to  be  interactive  and  a 
great  effort  was  made  to  reduce  die  number  of  irqmts  expected  finom  the  user.  Alarge  air¬ 
craft  rfara  base  is  included  to  simfdify  the  analyst  iiqwt  task  but  flexibility  is  also  built-in  to 
allow  future  aircraft  additions.  The  overall  effort  was  to  make  the  program  interactive  and 
easy  to  use.  Many  suggestions  from  previous  users  have  been  incorporated  in  fiiis  new  ver¬ 
sion  and  extra  features  have  been  added  to  extend  the  flexilnlity  of  the  program. 

1.4  Methodology 


1.4.1  Monte  Carlo  Simulation  Technique 

In  the  development  of  REDIM  2.0  a  great  deal  of  effort  has  been  made  to  realistically  sim¬ 
ulate  aircraft  operations  as  they  would  occur  in  actual  practice.  Due  to  the  stochastic 
nature  of  aircr^  landing  roll  deviations  observed  in  practice  [HNTB,  1975;  Koenig, 
1978;  Ruhl,  1989]  its  was  decided  to  use  a  Monte  C^o  simulation  procedure  in  die 
dynamic  simuladon  algorithms  embedded  into  REDIM  2.0.  The  Monte  Carlo  simuladon 
technique  used  here  was  primarily  to  estimate  landing  roll  distance  dispersions  using  air¬ 
craft  normal  distribudons  for  some  of  the  aircraft  parameters  dictating  landing  roll  perfor¬ 
mance. 

1.4  J  Interactive  Software  Package 

The  software  package  developed  as  part  of  this  research  ccxisists  of  three  importara  mod¬ 
ules:  1)  Irqwt,  2)  Dynamic  Simulation/Pptimizadon  and  3)  Ouqxit  routines.  The  model 
called  REDIM  2.0  incorporates  significant  improvements  over  its  predecessor,  REDIM 
1.5,  described  in  detail  by  Triini  and  Hobeika  aL  [Trani  and  Hobeikaetal.,  1990].  Cluq>- 
ter  5  in  this  report  fully  documents  the  software  package  developed  as  part  of  this 
research.  A  users  manual  of  the  software  is  also  avaiUMe. 


1.5  Differences  with  Previous  REDIM  Model 


REDIM  2.0  incorporates  several  enhancements  ftom  its  predecessor  that  add  fl»ilfility  to 
every  analysis.  Differences  in  the  new  {xogram  encompass  an  ftvee  modules  but  ^redfi- 
caUy  die  dynamic  and  optimization  routines  have  been  improved  to  aUow  Monte  Carlo 
simulations  of  landing  aircraft  operadcHis.  Additions  to  the  new  program  have  been  prima¬ 
rily  to  acooum  mote  realidicaUy  for  variations  in  die  aircraft  lanrfing  dynamics.  Weight 
factors  have  been  added  to  die  progrm  to  represent  more  accurately  aircraft  landit^  con¬ 
ditions  at  the  airport  facility  of  interest 


1 .5  0>ftar«nc«s  wtth  Previous  REOIM  ModsI 


1^.1  Aircraft  Landing  Weight  Factors 

The  aircraft  weight  factor  is  a  noitdimensional  parameter  varying  from  0  to  1  representing 
the  proportion  of  the  usefid  load  carrying  capacity  of  an  airoaft  at  any  point  in  time.  The 
landing  load  factor  is  a  major  determinam  of  the  aircraft  ruminal  aj^roach  speed  of  a 
vehicle.  The  load  carrying  capacities  of  certain  aircraft  make  their  ^rptoach  sp^  range 
large  enough  to  justify  the  inclusion  of  this  parameter  in  REDIM  2.0.  A  Boeing  727-200 
for  example  has  a  30  knot  differential  between  the  approadi  speeds  at  the  operating  empty 
and  maximum  landing  weights  and  ISA.  wet  airfield  conditiorrs  [Boeing,  1986].The  refer¬ 
ence  landing  runs  at  these  two  extreme  landing  weights  are  1190  and  1615  m..  respec¬ 
tively.  thus  providing  an  idea  of  the  large  variations  in  landing  roll  performance  for 
transport-type  aircraft. 

1.5.2  Aircraft  Landing  Data  Generation  Methods 

In  the  optimization  procedure  used  in  REDIM  it  is  necessary  to  emulate  a  large  number  of 
aircraft  operations  through  a  Moite  Carlo  simulation  procedure  in  order  to  assess  accu¬ 
rately  the  landing  distance  dispersions  of  a  large  aircraft  population.This  proceditre 
although  more  accurate  necessitates  considerably  longer  running  times.  Chapter  3  in  this 
report  describes  in  detaU  the  basic  assumptions  regarding  the  aircraft  kinematic  behavior 
and  the  probability  density  functions  used  in  estimating  landing  toll  parameters. 

1.5  J  Addition  of  Runway  Reference  Analysis 

Another  addition  to  the  current  computer  simulation/optimization  model  has  been  the  fno- 
vision  of  a  runway  reference  analysis  run  that  estimates  the  lower  boundaries  of  runway 
occupancy  time  gains  for  a  specific  scenario.The  main  purpose  of  this  reference  run  is  to 
provide  the  analyst  with  a  “benchmark”  result  of  the  minimum  WAROT  value  attainaUe 
for  a  runway  under  “extremely  favorable”  conditions  with  rm  consideration  of  the  physi¬ 
cal,  lateral  runway  constraints.  The  reference  run  is  an  c^on  provided  to  the  user  and  it  is 
rectmimended  in  order  to  give  some  insist  of  potential  WAROT  reductions.  This  refer¬ 
ence  run  is  executed  using  the  highest  exit  spe^  available  for  each  one  of  die  aircraft 
TERP  categories  and  no  lateral  constraint  limitadrais  (i.e.,  no  closely  placed  taxiways). 
Also  the  number  of  exits  is  iterated  to  yield  the  lowest  WAROT.  The  end  result  represents 
a  fictitious  runway  with  the  minimum  WAROT  parameter  that  the  user  should  anticipate 
under  extremely  ideal  conditions.  The  provision  of  diis  reference  run  is  aimed  at  diose 
individuals  not  readily  familiar  widi  the  ccmcqx  of  runway  occupancy  time  and  with  typi¬ 
cal  aitcraft/aiiport  operational  parameters. 

1.5.4  Range  Solution  for  Exit  Locatkms 

Due  to  the  stochastic  nature  of  the  {xoUem  the  soluticms  provided  by  REDIM  2.0  repre¬ 
sent  ranges  of  solutions  to  locate  turnoff  exit  locations  radier  than  a  deterministic  location 
as  in  REDIM  1.0.  The  mmivatitHi  behind  diis  approach  is  to  provide  optimal  tocaticn 
ranges  where  die  omstnictim  of  a  new  turnoff  yidds  near  timilar  WAROT  vdues  for  a 
given  aircraft  pc^ation  and  airport  environmental  condition8.This  approach  should  petirtt 
out  the  analyst  s^tivity  of  the  model  to  irqiut  parametei8.The  range  sdutions  fiir  turnoff 
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locations  are  derived  ftom  five  internal  iteratioirs  performed  for  all  the  aircraft  data 
selected  by  the  user.  All  five  runs  use  different  pseudorandom  numbers  and  therefore  have 
the  same  weightage  in  the  solutions  presented.  More  details  of  this  method  are  presented 
in  Chapter  3  of  this  report 


CHAPTER  z  Dynamic  Formulation  of 

Aircraft  Landing 
Processes  and  Simulation 


2.1  Model  Formulation 


The  aircraft  dynamic  model  used  in  this  new  version  of  REDIM  has  been  enhanced  with 
better  deceleration  heuristics  providing  more  fidelity  in  the  simulation  process.  Just  like  in 
REDIM  1.0  the  aircraft  landing  maneuver  staits  at  the  nmway  direstold  crossing  point 
and  ends  at  a  point  where  the  aircraft  wingtip  clears  the  imaginaiy,  vertical  {dane  defined 
by  the  nmway  edge.  The  aircraft  landing  pha^  modeled  in  all  REDIM  versions  are:  1)  an 
air  phase.  2)  a  free  roll  segment  between  touchdown  and  the  initiation  of  braking,  3)  a 
braking  {riiase,  4)  a  second  free  roll  phase  between  the  end  of  the  braking  phase  and  the 
start  of  the  turnoff  maneuver  and  S)  the  turnoff  maneuver  phase.  These  landing  phases  are 
depicted  graphically  in  Fig.  2.1.  It  can  be  seen  from  this  figure  that  the  major  contributors 
to  runway  occupancy  time  are  the  braking  and  turnoff  phases  as  these  usually  take  about 
60%  and  25%,  re^ctively  of  the  total  ROT. 

2.1.1  Air  PhaM 

The  air  distance  can  be  estimated  assuming  the  Iraigitudiiud  fligftt  path  of  landing  aircraft 
is  a  compound  of  a  linear  descending  maneuver  and  a  circular  arc  flare  maneuver.  Lan  and 
Roskam  [Lan  and  Roskam,  1981]  suggested  an  analytical  ejqaession  for  estimating  air 
distance,  whidi  is: 


S.ir»^  + 
Y 


2g(nfl-l) 


(2.1) 
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RGURE  2.1  Aircraft  Landing  Roii  Phases  Modeied. 


Braking  Sunway  Claaranca 


S  AM  Air  Olaianea  lo  Touchdown 

S  mi  Froo  Ron  Olstaneo  Datwoon  Touchdown  and  Application  ol  Brakoa 

S  aa*M  Braking  DIataneo 

8  mt  Froo  Roll  Olaianco  Batwaan  Brako  Tarminaiion  and  Start  of  Turn 

S  mm  LongHudlnai  ExH  Diatanco  to  Ctaar  tho  Runway 

where 

=  air  distance  (m) 
hg,  =  threshold  crossing  altitude  (m) 

Y  =  tangent  value  of  descending  angle 
Vfl  s  flare  speed  (m/s) 
g  a:  acceleration  of  gravity  (m/secO 


The  first  and  the  seomd  terms  of  Eqn.  2.1  reinesem  two  distinct  segment  used  to  model 
the  air  distance  as  shown  graphically  in  Hg.  2.2. 
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HGURE  2.2  Final  Flight  Path  Diagram. 


Altitude 


The  flare  speed  is  less  than  the  approach  speed  (v^  due  to  die  in-air  deceleration  and  is 
assumed  to  be  95%  of  The  approach  speed  isassumed  to  be  1.3  times  the  staUing 
speed  (v,(a]])  at  which  the  aircraft  gets  the  lifting  force  just  enough  to  fly.  The  stalling 
speed  is  deteimined  by  aircraft  geometric  and  peifoimance  characteijstics  using  the  ftd- 
lowing  fonnula: 


2Mg 

pCittnClmixAw 


(2.2) 


where 

stalling  speed  (m/sec) 

M:  aircraft  mass  (kg) 
g:  gravity  accefciatimi  (m/sec^) 
p  :  standard  air  density  (kgAn^) 

Cam:  correction  factor  for  atmosphere  condition  (unitless) 
cL,^:  maximum  landing  lift  coefficient  (unitless) 
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A^:  wing  area  (m^). 


The  air  density  (p)  in  the  standard  atmosphere  condition,  sea  level  altitude  and  15**  C  tem¬ 
perature,  is  1.225  kg/m^.  The  air  density  varies  according  to  the  atmosi^ric  condition. 
aiKl  Catm  reflects  the  changes  in  the  air  density.  An  important  factor  determining  the  Vgtau  is 
clgiax  which  belongs  to  aircraft  characteristics.  This  factor  varies  horn  aircraft  to  aircraft, 
and  its  magnitude  ranges  from  1.4  to  3.0.  The  landing  weight  also  influences  the  stalling 
speed.  The  landing  weight  is  determined  by  the  landing  weight  factor  whose  distribution 
information  is  provided  by  the  analyst  The  computation  of  landing  weight  based  on  the 
landing  weight  factor  is  explained  in  Section  2.3.1 

The  duration  of  die  flying  phase  is  simply  estimated  by  dividing  the  air  distance  by  the 
average  flare  speed.  That  is. 


(2-3) 


2.1.2  Fr—  Roll  Phasoo 

Two  free  roll  run  fdiases  arise  during  a  typical  aircraft  landing  operation:  1)  prior  to  the 
braking  operation  after  touchdown  and  2)  prior  to  die  turnoff  maneuver  after  finishing  the 
braking  operation  {diase.  The  first  free  roll  phase  is  to  simulate  an  inherent  human  delay 
before  initiating  the  braking  mechanisms  such  as  thrust  reverses,  spoilers,  and/or  normal 
wheel  brake.  The  second  free  roll  (diase  is  to  mimic  a  delay  time  arising  from  the  proper 
suppression  of  braking  action  and  a  recognition  of  the  turnoff  geometry  prior  to  exiting 
the  runway.  The  duration  of  each  phase  is  specified  by  user.  Nominal  values  of  3  and  2 
seconds  are  assigned  to  the  first  and  second  ftee  roll  phases,  respectively.  However,  the 
analyst  may  increase  the  values  if  there  are  proper  reasons  such  as  poor  visibility. 

In  this  analysis  both  free  roll  phases  are  assumed  deterministic  because  they  constitute  a 
relatively  small  portion  of  the  entire  landing  process.  Moreover,  note  that  free  roll  deceler¬ 
ation  is  neglected  for  the  sake  of  simplicity.  lAfith  the  assumptions  above,  the  free  roll  dis- 
ftmces  (Sfri,s^  are  calculated  as  follows: 


Sfri=vm  tfri 

where 

Sfri :  the  first  ftee  roll  distance 
Vtd^  touchdown  speed 
tfri:  the  first  free  roU  time 


(2.4) 
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Sfr2=Vex  tfr2 


(2.5) 


where 

s^:  the  second  free  roll  distance 
Vex  •  exiting  speed 

the  second  free  roll  time 

Notice  here  that  Vt^  is  assumed  to  be  90%  of  The  exiting  speed  Ve,  is  a  constant  spec¬ 
ified  by  the  analyst. 

2.1.3  Braking  Phaaa 

Under  normal  conditions,  the  braking  i^iase  constimtes  the  largest  component  of  the  land¬ 
ing  process.  Hence,  it  becomes  necessary  to  estimate  with  some  accuracy  the  distance  and 
duration  of  the  braking  i^iase  if  one  is  to  have  some  confidence  in  the  total  distance  and 
duration  estimation  of  the  whole  landing  process.  The  braking  distance  aiKi  duration  is 
determined  by  the  braking  capability  of  an  aircraft  at  given  touchdown  speed  arkl  exiting 
speed.  The  braking  ci^ability  (or  deceleration  rate)  varies  from  aircraft  to  aircraft  and  is 
also  affected  by  the  runway  surface  wetness  and  longitudinal  runway  gradieiu.  It  is  desir¬ 
able  to  estimate  the  deceleration  rate  for  each  aircraft  and  thm  to  modify  that  rate  accord¬ 
ing  to  the  runway  condition  of  the  airport 

A  nominal  deceleration  rate  is  estimated  by  using  the  landing  run  distance  requiremem 
provided  by  the  aircraft  manufacturer.  The  braking  distance  for  the  complete  su^  is  found 
by  subtracting  the  air  distance  and  ftee  roll  distance  from  the  landing  tun  distance.  Know¬ 
ing  the  leaking  distance,  the  initial  speed  (vm),  and  a  zero  firud  speed,  the  nominal  decel¬ 
eration  rate  is  estimated  using  the  following  equation: 


®noin“ 


2(lr"Sair*Sfri) 


(2.6) 


where 

a,^ :  nominal  acceleration  (m/sec^) 
vm :  touchdown  speed  (m/sec) 

1,  :  landing  tun  distance  (m) 
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2.1.4 


s^:  air  distance  (m) 

Sfri :  free  roll  distance  before  braking  (m). 


Note  diat  If  is  provided  by  the  aircraft  manufacturer  as  an  aircraft  characteristic  datum  and 
that  Saif  and  Sfri  are  determined  by  Eqs.  2.1  and  2.3.  The  touchdown  speed  (v^)  is  assumed 
to  be  90%  of  the  ai^roach  speed.  In  Eq.2  a«»m  always  takes  a  negative  value. 

The  aircraft  deceleration  is  modified  by  runway  surface  condition  (e.g..  wet  or  dry)  and 
longitudiiud  gradient  Mathematically  tte  actual  aircraft  deceleration,  a^ctt  is: 


2tct~8noin  Cwet  Cslope 


where 


HI.,  if  runway  is  dry 
.87,  if  runway  is  wet 


(2.7) 


c»iope={1.0+0.015(avcragc  gradient)} 


With  the  actual  deceleration  of  an  aircraft,  the  distance  and  duration  of  the  braking  phase 
are  found  by. 


Sbr 


(vix-v^) 

2aact 


fbr" 


2Sbr 

(Vex+V«d) 


(iB) 


{2J) 


lUrnoflPhaM 

The  purpose  of  the  turnoff  phase  is  to  trace  the  aircraft  pafii  diroughout  the  exit  maneuver 
and  to  estimate  die  time  consumed  in  the  turnoff  up  to  die  cleaianoe  pram.  A  model  is 
adopted  with  some  modifications  to  peifonn  dds  purpose.  The  exiting  maneuver  b^ins 
whm  the  aiiciaft  decelerates  to  the  user-defined  exiting  speed  and  ends  with  a  cooqiieie 
clearance  of  the  runway  as  dqiicted  in  Fig.  2.3.  It  is  assun^  that  die  wingtip  dictsies  die 
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clearance  of  runway,  which  is  generally  true  for  all  aiiciait  at  high  speed  exiting.  The  only 
exceptions  occur  at  low  exit  speeds  or  when  an  aircraft  has  an  alxionnally  large  tailfdane 
span  (STOL  aircraft).  Since  the  objective  of  this  research  is  to  investigate  the  effective¬ 
ness  of  high  speed  exits,  these  exceptions  would  seldomly  occtir. 


nouRE  2.3  Generalized  Aircraft  and  Turnoff  Coordinates. 


The  turning  motion  of  an  aircraft  at  a  speed,  at  which  aerodynamic  forces  ate  insignificant, 
can  be  simply  characterized  by  forces  acting  on  the  nose  gear.  An  algorithm  devd(^)ed  by 
Schoen  et  al.  and  used  in  a  previous  NASA  research  effort  on  this  toffic  cmsiders  three 
side  force  contributions  acting  on  the  aircraft  nose  gear.  1)  the  centripetal  force,  2)  die  air¬ 
craft  inertia,  and  3)  the  tire  sctuMtog  resistance  to  the  turn  [Schoen  et  aL,  1985].  That  is, 
the  total  side  force  acting  on  the  aircraft  nose  gear  is  compound  of  the  centripetal  force, 
the  aircraft  inertia  and  the  tire  scrubbing  force.  The  side  fnctitxi  coefficiem  at  skidding 
condition  (f,^  is  die  sum  of  the  coefficients  of  above  three  contributions.  Mathemati¬ 
cally, 


where 

f.vM:  nose  gear  tire  skid  fricdtm  coefficient 
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HGURE  2.4 


fc  :  the  centripetal  acceleration  contribution 
fgc :  tlK  tire  scrubbing  resistance. 

fizz*  the  aircraft  inertia  contribution  to  the  nose  gear  side  load 


Originally,  Schoen  et  al.  fixed  the  skid  friction  coefficient  as  a  conservative  value  (02).  It, 
however,  is  well  documented  in  die  literature  that  the  skid  fricdrm  coefficient  is  a  function 
of  aircraft  tire  pressure  and  speed,  amcmg  odier  variables  [Harrin,  1958:  Wong,  1978].  A 
summary  of  diis  functional  relationship  is  dqncted  grqihically  in  Fig.  2.4,  where  four  air¬ 
craft  type  categories  are  represented  (i.e..  four  tire  pressures  characteristic  of  each  TERP 
category).  The  u^per  curve  corresponds  to  a  tire  pressure  of  SO  PSI  whidi  is  a  representa¬ 
tive  value  of  TERP  A  category  aircrafL  Similarly,  the  fourth  lowest  curve  corresponds  to  a 
tire  pressure  of  200  PSI,  a  typical  tire  pressure  of  current  transport  aircraft  Instead  of 
using  a  single  value  as  the  skid  frictirm  coefficient  the  coefficiem  is  selected  from  Fig.  2.4 
considering  the  exit  speed  and  aircraft  type. 


Side  Skid  Friction  Coefficient  Variations  with  Speed. 
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As  shown  in  Eq.  2.10,  the  skid  ftiction  coeffident  is  modeled  as  the  sum  of  duee  terms. 
These  terms  are  calculated  as  folkiws: 


Scrubing  Friction 


2.1  Modal  Formulation 


The  contribution  of  the  centripetal  acceleration  is: 


where 

v:  instantaneous  speed  of  the  airoaft  (m/sec) 

R:  instantaneous  radius  of  the  curve  (m) 
g:  acceleration  of  gravity  (m/sec^) 

The  tire  scrubbing  resistance  (f^  is  detennined  by  aircraft  mass  and  the  instantaneous 
radius.  The  relationship  of  these  variables  is  depicted  in  Fig.  2.S. 

RGURE  2.5  Variations  of  Tire  Scrubbing  Coefficient  with  Radius  of  Curvature. 


200000  (kg) 
165000  (kg) 
72000  (kg) 
36000  (kg) 


Radius  of  Curvature  (m) 


At  last,  the  contribution  of  aircraft  ineitia  to  side  load  on  nose  gear  is: 


fla> 


(2.12) 
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where 

Izz;  moment  of  inertia  about  the  vertical  axis  (kgmO 
v:  instantaneous  speed  (m/sec) 

R:  instantaneous  radius  of  curvature  (m) 

R*dot:  instantaneous  rate  of  change  of  radius 
M:  aircraft  mass  (kg) 
g:  acceleration  of  gravity  (tn/sec^) 

Im:  percentage  of  aircraft  mass  loaicd  on  main  gear  (%) 
W|,:  aircraft  wheelbase  (m) 


Solving  Eq2.12for  R-dot  gives: 


(2.13) 


With  a  given  aircraft  type,  for  every  instantaneous  speed  and  instaruaneous  radius  of  cur¬ 
vature,  die  values  of  f^,  f^  and  ^  can  be  found  via  Fig.2.4,  Fig2.5  and  Eq2.11.  By  sub¬ 
stituting  these  values  into  the  Eq2.10,  the  value  of  Fjq  is  found.  By  substituting  the  Fjq 
value  into  Eq2.13,  R-dot  can  be  computed  for  every  instance. With  the  instantaneous  val¬ 
ues  of  R  and  V.  the  transient  radius  of  curvature,  R^,  can  be  calculated  by  integrating  R-dot 
forward  in  time.  That  is. 


ft  dt  (2.14) 

The  coordinates  of  an  aircraft's  turning  path  can  be  calculated  by  integrating  die  instanta¬ 
neous  speed  multi{died  by  die  sine  and  cosine  value  of  heading  angle.  That  is. 


V  cos  (V)  dt 


(2.15) 


2.1  Modal  Formulation 


V  sin  (v)  dt 


where 


(2-16) 


X^:  longitudinal  coordinate  of  turning  path  at  time  t  (m) 

Y^:  lateral  coordinate  of  turning  path  at  time  t  (m) 

v:  instantaneous  speed  of  aircraft  (m/sec) 

instantaneous  heading  angle  of  aircraft  (degree) 

It  should  be  noted  that  this  simplification  may  apply  only  to  a  speed  up  to  two  thirds  of  the 
touchdown  speed,  because  this  speed  is  known  to  be  the  threshold  for  significant  aerody¬ 
namic  control  for  conventional  aircraft  [Miller  and  Thomas,  1963].  Even  with  fiiis  restric¬ 
tion,  the  evaluation  of  turnoff  maneuvers  can  be  accomplished  for  a  large  variety  of 
aircraft  whose  turnoff  speed  ranges  from  10  to  45  m/sec  (22.3  -  100.4  MPH).  'Ihinoff 
design  ^)eeds  above  45  m./s.  are  unlikely  to  ever  be  used  due  to  possible  aircraft  ground 
control  problems.  The  lifting  forces  acting  on  the  aircraft  at  bi^  speed  can  be  irududed  in 
the  above  equations  by  modifying  the  aircraft  mass  term  accordingly. 

Another  modification  on  this  algorithm  is  the  incorporatitm  of  the  finee  roll  decderation 
during  the  turnoff  i^iase.  Sirux  turnoff  {riiase  requires  a  fairly  large  amouru  of  time  unlike 
the  free  toll  {diase,  the  free  roll  decelmation  sho^  not  be  neglected  in  turnoff  phase.  The 
free  toll  decderatiai  is  assumed  to  be  -0.375  m/s^ .  Hence,  the  instantaneous  speed  in  the 
above  equations  is  reduced  by  this  deceletatitm  rate. 

The  integration  of  Eqs.2.14  to  2.16  is  ccunpuied  numerically  for  every  0.01  of  a  seomd. 
Along  with  the  x-y  coordinates  of  file  turning  path,  the  position  of  the  wingtip  is  also  ccnn- 
puted  at  every  step  in  the  numerical  integratitm  until  the  wingtip  leaves  the  runway  bound¬ 
ary.  *nunoff  time  is  defined  as  file  duration  from  the  beginning  of  the  turning  maneuver  to 
the  instance  when  the  wingtip  leaves  the  runway  boundary. 


2.1.5  Daealaration  Diatanoa  and  ROT 

Runway  occupancy  time 'as  defined  in  this  rq»tt  reinesents  the  time  interval  between  air¬ 
craft  threshcdd  crossir^  point  and  when  the  aircraft  wingtip  has  deared  the  runway  edge 
imaginary  line.  The  estimations  of  runway  occiqiancy  time  enonnpasses  die  five  landing 
phases  mqdained  previously.  The  cone^onding  time  parameters  are:  1)  time  to  toudi- 
down,  2)  a  free  roll  time  between  touchdown  and  the  initiatkn  of  braking,  3)  bnddng  time, 
4)  a  secrnid  free  roU  time  between  the  end  of  file  bnldng  phase  and  die  suutof  themmoff 
maneuver  and  5)  die  turnoff  time.  Aldiou^  at  first  ghmoe  it  might  seem  that  die  oontribu- 
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tion  of  the  turnoff  component  is  not  significant  even  for  moderate  speeds  (using  a  typical 
high-speed  turnoff)  could  amount  to  12-13  seconds  or  about  one  fourth  of  the  total  nmway 
occupancy  time. 

By  definition,  the  total  distance  for  an  aircraft  to  decelerate  to  a  specified  exiting  speed  is 
calculated  as  die  sum  of  distances  in  the  air.  finee  roll,  and  braking  phases,  and  that  ROT  is 
found  as  die  sum  of  durations  of  the  air.  fiee  roll,  braking,  and  turnoff  idiases.  Mathemati¬ 
cally. 


Stot=S»ii+S£ri+Sbr+Sfr2 


(2.17) 


ttot^t jjj+tfri  +tbr‘*'tfr2+t|off 


(2.18) 


2.2  Data  Generation  via  Monte  Carlo  Simulation 


The  landing  roll  perfoimance  of  an  aircraft  is  stochastic  in  nature.  For  example,  the  touch¬ 
down  location  and  deceleration  rate  varies  for  each  landing  resulting  in  the  different  total 
landing  roll  distance.  In  order  to  incorporate  this  stochastic  nature  of  landing  process  into 
the  model,  four  variables  are  selected  as  randmn  variables:  the  threshold  crosang  altitude, 
final  flight  path  angle,  landing  weight  and  deederatum.  By  FAA  regulations  [FAR  25],  die 
pilots  are  requested  to  maintain  die  thrediold  crossing  altitude  and  flight  path  angle  as 
ISm  and  3  degree,  respectively,  lb  iqiresent  die  variations  in  die  altitude  and  the  angle, 
the  standard  deviation  of  the  altitude  and  die  fli^  path  angle  are  set  to  13m  and  0.15 
degrees,  req;)ectively.  The  mean  and  standard  deviatkm  of  landing  wei^  factors  for  each 
category  is  given  by  the  analyst  The  mean  decelmatitxi  rate  is  estimated  by  the  method 
explain^  in  section  2.1  and  tte  standard  deviatkm  of  decelaatkm  rate  is  set  to  7%  of  die 
mean  value,  lb  imimive  die  model's  ctqialtility  to  piedia  the  actual  aircraft  landing  perfor¬ 
mance,  these  parameters  will  be  calibrated  widi  field  observations  and  with  high  fidelity 
flight  simulators  sudi  as  FAA  B-727-2(X)  simulator  in  Coahoma  Gty.  During  the  diird 
(diase  of  this  research,  the  calibration  of  diese  paranmters  will  be  performed  as  desoibed 
inOuqxer?. 

For  an  optimization  analysis,  200  landing  distance  data  points  are  generated  for  each  air¬ 
craft  type  via  a  Monte  Carlo  simulation.  The  Monte  Carlo  sknulatiim  is  a  tool  fin*  analyz¬ 
ing  a  stochastic  system  by  generating  random  numbers  for  eadi  random  variable  invtflved 
in  die  system.  For  anaiy^ng  the  landing  roll  performance,  each  landing  distance  value  is 
generated  via  following  steps: 

1.  Oenerate  four  random  mimbets  fiimi  the  uniform  distribution  on  die  interval  [0, 1] 


EnhancamwitsofttMModtllnPhaMlI 


2.  Generate  the  values  of  the  threshold  crossing  altitude,  fli^t  path  angle,  landing  weight 
factor  and  deceleration  rate  horn  truncated  nonnal  distribution  using  the  random  numbers 
generated  in  step  1 

3.  Calculate  die  landing  distance  and  deceleration  time  by  substituting  the  values  of  four 
raiKkun  variables  into  the  dynamic  formulation  described  in  section  2.1 

4.  Repeat  the  step  1  to  3  two  hundred  times. 

Stq)  1  is  performed  by  utilizing  RNDQ  function  of  Microsoft  BASIC  version  7.0.  Step  2 
is  performed  by  inverse  transform  method  using  truncated  normal  distributions  with 
parameters  described  previously.  Since  nonnal  distributirm  does  not  have  a  simple  closed 
form  of  the  inverse  cumulative  densi^  function,  a  polynomial  approximation  of  inverse 
cumulative  density  function  is  used  for  generating  the  random  numbers  from  rxirmal  dis¬ 
tributions  [Beasley  and  Springer,  1977].  The  method  for  generating  random  variables 
from  a  truncated  distributions  is  described  in  Law  and  Kelton  [Law  and  Kelton,  1982]. 
Step  3  is  a  simple  calculation,  because  all  the  equations  and  the  values  of  all  the  variables 
areknowTL 

23  Enhancements  of  the  Model  in  Phase  n 


2.3.1  Enhanced  Braking  Algorithm 

The  new  braking  algorithm  incorporates  a  new  exit  "seeking”  deceteration  {xocedure  that 
changes  the  deceleration  of  tire  vehicle  as  a  fiinctirm  of  the  distance  to  go  to  the  next  avail¬ 
able  exit  The  itKlusion  of  feedback  from  the  current  aircraft  position  on  the  runway 
allows  shorter  runway  occupancy  times  and  also  seems  to  rqnesent  the  pilot’s  behavior 
under  real  airport  conditions.  To  illustrate  this  new  method  adopted  in  REDIM  2.0  refer  to 
Fig.  2.6.  IXvo  distina  aircraft  dwderation  phases  are  identified:  1)  a  nmninal  decderation 
I^iase  where  the  plot  applies  an  average  toking  effort  and  2)  an  adjusting  tvaldng  phase 
where  the  plot  modifies  continuously  the  aircraft  deceleration  schedule  to  achieve  a  pre¬ 
defined  turnoff  speed  at  the  next  availaUe  runway  exit  location.  A  decision  poirtt  is 
defined  in  order  to  establish  the  transitioi  between  the  nominal  and  the  adjusted  deoelera- 
titm  phases. 

The  dedsim  point  will  generaDy  be  a  function  of  variaUes  sudi  as  die  pilot’s  eye  position 
with  respea  to  the  ground,  the  airport  visibUity,  die  aircraft  state  variables  0-e.,  qieed, 
deoeleratimi,  etc.),  the  pilot’s  situational  awareness  0.e.,  inftmnation  of  various  exit  loca¬ 
tions  and  their  design  qieeds),  and  the  instantaneous  crew  workload.  Since  many  of  these 
varialdes  are  difficult  to  validate  a  simple  heuristic  rule  is  used  in  this  approadi  to  deter¬ 
mine  the  dedskm  point  in  terms  of  aircraft  qiproach  speed  soldy.  TUs  simplification 
seems  valid  if  one  considers  dat  in  general  the  qiproadi  qwed  will  dictate  to  some  extent 
the  average  workload  expected  during  a  typical  landing.  The  Cuter  die  aiiciaft  in  the 
qiproach  phase  the  sooner  rtecisions  will  have  to  be  made  in  mder  to  maiidain  a  leason- 
aUe  safety  margin  in  die  landing  ndl  operations.  Also,  the  approadi  qieed  is  somewhat 
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correlated  with  the  pilot’s  eye  position  in  the  codqnt  for  commercial  aircraft  This  implies 
that  heavy  jets  will  have  a  definite  advantage  over  general  aviation  aircraft  in  readiing 
their  decision  poim  at  an  earlier  stage  as  pilots  have  a  much  better  perspective  of  the  loca¬ 
tion  of  downrange  turnoffs. 

In  [mictice  inlots  flying  into  an  rurport  facility  will  probaUy  have  knowledge  of  the 
^rproximate  exit  locations  and  types  of  turnoff  available  for  tte  active  runway  thus  it  is 
likely  that  they  will  adjust  the  aircraft  behavior  to  reach  a  comfbrtaUe  exit  location  at  or 
near  a  desired  exit  speed.  Hgure  2.7  illustrates  this  heuristic  principle  using  data  ^cal  of 
a  Boeing  727-200.  The  computer  simulation  results  show  the  adjusted  deceleratirm  algo- 
riflim  and  the  corresponding  individual  runway  occupancy  time  for  five  differem  turnoff 
locations  and  a  desir^  exit  speed  of  IS  m/s.  Fmn  Hgure  2.7  orre  can  see  that  die  braking 
adjustments  start  at  the  decision  point  for  all  runs  ance  the  same  aircraft  speed  parameters 
were  used  in  die  simulation.  The  differences  in  runway  occiqiancy  time  are  solely  due  to 
the  different  adjustir^  braking  rates  {uesent  once  die  decision  point  has  been  reached.Us- 
ing  the  same  aircraft  and  varying  the  decision  point  parameter  fiom  100  to  400  m.  yields 
results  shown  in  Hgure  2.8.  Notice  duit  increases  in  situational  awareness  (i.e.,  increasing 
the  decision  point  distance)  will  allow  pilots  to  adjust  earlier  for  a  given  exit  location  thus 
resulting  in  smaller  runway  occupancy  times.  Note  that  in  bodi  cases  the  adjustments 


HGURE  2.6  Generalized  Aircraft  Speed  Schedule  on  a  Runway. 
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made  to  the  deceleration  rate  can  be  easily  linearized  with  little  loss  in  accuracy.  This  lin* 
ear  tqiproximation  of  deceleration  rate  has  been  embedded  into  REDIM  to  simplify  the 
numter  of  internal  computations  of  the  model  thus  reducing  CPU  time. 

2.3.2  Thmoff  Algorithm  Validation  Prooadura 

The  validation  of  a  turning  movement  procedure  has  bear  carried  out  with  die  use  of  a 
fourth-order  aircraft  dynamic  model  considering  three  degrees  of  fieedtnn  of  di^ace- 
ment  (lateral,  horizontal  and  vertical  motions)  and  die  yawing  motion  associated  with  a 
turning  ground  vehicle.  This  model  was  used  to  verify  die  simplified,  me  degree  of  free¬ 
dom  aircraft  dynamic  behavior  proposed  by  Schoen  et  al.  [Schoen  et  al.,  1983]  and  later 
adtqited  by  et  aL  [Trani  et  aL,  1990].  The  model  estimates  the  boundaries  of  a  maxi¬ 
mum  effort  turn  to  verify  whether  or  not  a  specific  turnoff  gemietry  would  be  feasilde 
under  realistic  manual  control  cmditions.  Re^ts  of  diis  modd  are  i»esented  in  Hgures 
2.9  and  2.10  where  a  turnoff  trajectory  and  tire  reactim  forces  are  {dotted  for  a  four  engine 
[wweted  business  jet  [Trani  and  a)ong.l991]. 

2  J  J  Aircraft  Landing  Weight  Factors 

The  aircraft  weight  factor  is  a  nondimensional  parameter  varying  fiomO  to  1  rqueseming 
the  {Ht^xirtim  of  the  useftil  load  carrying  cafiacity  of  an  airoaft  at  any  poim  in  time.  The 
landing  load  factor  is  a  major  determirumt  of  die  aircraft  nominal  qiproacfa  qieed  of  a 
vehicle.  The  load  carrying  cqiacities  of  certain  airaaft  mMce  their  approach  speed  rai^ 
large  enough  to  justify  the  inclusim  of  this  {Nuameter  in  REIMM  2.0.  A  Boeing  727-200 
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RGURE  2.8  Aircraft  Nonlinear  Deceleration  Model  Sensitivity  for  Various  Decision 
Point  Locations. 
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FIGURE  2.9  Maximum  Effort  vs.  Operational  Aircraft  Turnoff  Trajectory  Comparison  for 

a  Four  Engine  Business  Jet 
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for  examine  has  a  30  kncx  differential  between  the  qiproach  qieeds  at  the  Operating  enqior 
and  maTimum  landing  weights,  respe^vdy  [Boeing,  1986].The  refoence  landing  nms  at 
these  two  extreme  landing  wei^  ue  1190  and  1615  m..  respectively  for  a  wet  nmway 
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RGURE  2.10  Tire  Side  Force  Histories  for  Proposed  llimoff  Geometries  Under  a  Simple 

Manual  Control  Strategy. 


scenario  and  sea  level  standard  conditions  [Boeing,  1985J.  Mathematically  the  weight  liu;- 
tor  is  defined  as  follows: 


Wf= 

WmLW-WowE  (2.10) 

where,  Wf  is  the  weight  factor  for  a  specific  aircraft  landing  event,  Ww  is  the  aircraft 
landing  weigh,  Wq^  is  the  aircraft  operating  wei^  empty  and  Wi^^w  is  the  aircraft 
maximum  allowable  landing  weight.  From  this  definition  it  is  clear  that  the  lanJing  weight 
of  an  aircraft  can  be  easily  defined  in  terms  of  die  weight  factor  as  shown  below. 


Wbi,d  =  WoWE  + Wf[WMLW- Wowd 

(2.20) 

In  practical  situadtms  the  weight  factor  is  a  parameter  readily  availaUe  to  the  airport  enp- 
nem*  and  idamier  since  airlines  are  usually  charged  landing  dependent  upon  the  values 
of  landing  wei^its  (frnn  \^di  the  weight  factor  can  be  readily  obtained)  at  all  airport 
facilities  Jn  diis  fashion  it  is  possible  to  piedia  with  mote  accuracy  die  locadons  of  turnoff 
geometries  for  specific  aiipott/airline  operational  conditions.  If  data  on  wei^  factors  is 
not  availatde  the  engineer  and  planner  should  use  high  values  of  Wf  in  order  to  provide 
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some  degree  of  conservatism  in  the  computations.  REDIM  2.0  provides  default  values  of 
Wf  in  Older  to  ease  the  task  of  the  aiudyst  as  shown  in  Table  2.1. 


TABLE  2.1  Default  Landing  Weight  Factors  Parameter  Values  Used  In  REDIM 
2.0. 


Parameter 

TERPA 

TERPB 

TERPC 

TERPD 

Wf 

0.8 

0.8 

0.6 

0.6 

Owf 

0.1 

0.1  - 

0.1 

0.1 

Variations  of  Wf  depend  heavily  upon  various  airline  policies  such  as  fuel  reserve  factors 
and  stage  length  segments  flowa  Data  on  weight  factors  can  be  obtained  from  airline  sta¬ 
tistics  and  should  be  used  in  the  estimation  of  runway  turnoff  locations  as  this  will  have  a 
significant  payoff  in  aircraft  operations.  Airiine  data  suggests  that  weight  factors  can  in 
fact  be  ryrproximated  using  normal  distributions  [Credeur  and  Caprone,  1989].  With  this 
m  mind  one  can  approximate  the  weight  factor  as  a  normal  distribution  with  mean  Wf  and 
standard  deviation  representing  operational  dispersions  of  aircraft  landing  weights. 
Figure  2.11  depicts  a  typical  weight  factor  distribution  for  United  Airlines  Boeing  737- 
200A  aircraft  landing  at  a  major  airport  facility  [Credeur  and  Capron,  1989]. 

It  is  interesting  to  note  that  many  short  haul  operations  will  have  weight  factors  means 
very  close  to  0 J  and  their  standard  deviations  seem  to  be  below  0.2.  In  general  it  is 
expected  dut  values  of  landing  Wf  will  increase  as  the  size  of  the  aircraft  decreases  since 
the  fuel  fractims  of  general  aviation  aircraft  are  usually  smaller  than  those  of  long  range 
transport  aircraft  [Torenbeek,  1987]  thus  resulting  in  proportionately  lower  landing 
wei^ts.  The  airport  planner  and  designer  is  encourage  to  investigate  specific  values  of  Wf 
applicable  to  airlines  operating  in  the  facility  to  be  upgraded.  If  a  new  facility  is  to  be  con¬ 
structed  die  planner  should  also  contact  airlines  in  order  to  have  a  better  assessmem  of  air¬ 
craft  weight  factors. 

Figure  2.12  illustrates  the  expected  landing  roll  distance  variations  (down  to  IS  tn/s)  for  a 
twin  engine,  heavy  aircraft  using  a  high  mean  weight  factor  (0.8)  and  a  standard  deviation 
of  0.1.  These  results  were  derived  fnxn  REDIM  2.0  and  reineseitt  tyjncal  values  expected 
in  airline  practice.  In  order  to  have  an  appredadon  of  landing  roll  distance  deviatiems  for 
the  same  vehicle  under  different  weight  ftictors  refer  to  Figure  2.13  where  a  low  mean 
weight  factor  was  used  maintaining  the  same  standard  deviation  as  that  of  Hgure  2.12. 


2.3  EnhancMiMots  of  tlM  Modal  in  PhaM  H 


H6URE  2.11  PDF  Plot  of  Boeing  737-200  Weight  Factor  Variations  (Adapted  from 
Credeur  and  Capron,  1989). 


Weight  Factor 


HGURE  z.^2  Landing  Roll  Distance  Histogram  for  Airbus  A-300-600  (High  Wf). 


Aircraft  Landing  Roii  Distance  (m.) 
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HGURE  2.13  Landing  Roll  Distance  Histogram  for  Airbus  A-300-600  (Low  Wf). 


Aircraft  Landing  Roii  Distance  (m.) 

2.4  'i^nofr  Time  Estimation 


Tbe  computation  of  turnoff  times  is  explicitly  modeled  for  every  aircrafl/exit  candidate  as 
turnoff  times  generally  accoum  for  15-25%  of  tbe  total  runway  ocoqrancy  time  depending 
upon  die  exit  type  being  analyzed.  This  estimation  is  executed  in  R^IM  2.0  using  a  cm- 
tinuous  simulation  algorithm  predicting  the  turnoff  trajectory  of  every  aircraft  fnnn  point 
of  curvature  to  die  point  where  the  aircraft  wingtip  dears  tbe  runway  edge  imaginary 
plane.Tlie  equations  of  motion  for  this  simulation  are  shown  in  detail  in  Quqiter  3. 

2.5  Touchdown  Variations  with  Runway  Length 


It  has  been  observed  in  practice  that  (tilots  have  a  dear  tendency  to  vary  dieir  tmichdown 
point  depending  upon  spedfic  runway  characteristics  sudi  as  location  of  terminal  build¬ 
ings,  runway  lengdi,  obstades  in  die  final  qipioach  padi,  etc.  RuhL  for  exanqtie,  observed 
significant  variations  in  the  touchdown  point  for  the  same  type  of  tran^rt  aircraft  for 
various  airport  conditions  [RuU.  1989].  Koenig  also  obseiv^  inqxntant  mmivatiocal 
behaviors  in  (rilots  from  variops  airlines  as  they  landed  at  two  migor  airport  fadlities 
[Koenig,  1974].  With  diese  factors  in  mind  it  is  possiUe  to  establish  a  coneqxmdenoe 
between  the  touchdown  point  and  the  runway  len^  An  even  mme  importaid  consider- 
atkm  ftom  the  {tilot  staridpoint  is  die  remaining  runwqr  distance  avaoible  as  dtis  is  an 
important  parameter  dK  pUot  can  assess  easily  fiom  his  own  aqperienoe  OT  looking  at  run¬ 
way  distance  remaining  signs.  Current  FAA  regulations  for  pieddon  runways  operated  1^ 
turbofanAurbojet  aircraft  mandate  the  use  of  runway  distance  remaining  ^pis  providing 
pUots  widi  direct  visual  cues  on  runway  length  remahiing  during  a  hmding  or  takeoff  man- 
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uever  [FAA,  1991].  This  researdi  is  currently  addressing  pilot  behaviors  as  the  runway 
length  is  changed  to  Anther  enhance  the  validity  and  realism  of  the  model.  Section  72.3 
describes  future  experiments  to  be  carried  out  at  die  FAA  Tbchnical  Facility  in  Oklahoma 
City  to  model  this  importam  parameter. 


CHAPTER  3 


Optimization  Model  and 
Solution  Algorithms 


The  ci^ity  enhancement  of  a  runway  by  minimizing  weighted  average  ROT  (WROT)  of 
an  ainoaft  mix  by  locating  exits  optimally  is  the  THimary  focus  of  this  Chapter.  WROT  is 
the  sum  of  individual  ROT  weight^  with  the  landing  ftetpiency  of  aircraft  cranprising  the 
aircraft  mix.  The  individual  ROT  (IROD  of  an  aifcraft  is  defin^  as  time  intervd  firom  the 
instance  at  which  the  aircraft  passes  over  the  runway  threshold  to  the  clearanoe  of  the  run¬ 
way.  This  time  interval  can  be  broken  down  into  two  compraients:  1)  deceleration  time  to 
teach  designated  exit  and  2)  turnoff  time.  The  deceleration  time  accounts  for  the  flying  time 
from  the  runway  threshold  to  touchdown  point  and  tile  ground  running  time  fn»n  ttte  toudi- 
down  point  to  the  designated  exit  The  turnoff  time  accounts  for  the  duratirm  of  the  turning 
maneuver  fimn  die  beginning  of  tiie  turn  to  the  complete  clearance  of  runway. 


3.1  Mathematical  Model 


In  the  previous  chqxer,  an  estimation  scheme  for  die  aircraft  deceleration  distance  and  time 
was  developed.  Suppose  there  ate  R  types  of  aircraft  in  an  aircraft  mix,  and  K  environmen¬ 
tal  scenarios  are  ccmsideted.  Since  the  purpose  of  die  optimizatirm  is  to  find  a  set  of  exit 
locatkms  that  minimizes  the  wei^ited  sum  of  eiqpected  IROT’s  of  the  aircraft  mix.  the  ob¬ 
jective  function  should  be: 


Miniiiiization  ^  ^  WrPkE[IROT]ik 
1*1  k-l 


(3.1) 


where  w,is  the  proportion  of  aircnft  type  r,  and  p^  is  die  dumce  of  scenario  k  occunir^ 
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The  expected  value  of  IROT  is  indexed  by  'ik'  because  IROT  should  be  estimated  for  each 
aircraft  type  and  environmental  scenario.  Suiq)ose  N  is  the  total  number  of  exits  to  be  built 
Notice  that  IROT^  is  a  function  of  exit  locations  or  decision  variables  (xj xj^).  Obvious¬ 
ly,  Xi's  lie  on  the  lunway.  Hence.  0  ^  xj  ^  runway  length  (or  RL),  for  i=l....  If  we  index 
Xi  in  an  increasing  order,  then  0  ^  xj  ^ ^  x^  ^  RL.  A  distance  restriction  is  usually  im¬ 
posed  on  two  adjacent  exits  for  identificatitm  and  safety  reasons.  Let  the  minimum  distance 
between  two  adjacent  exits  be  D^.Then  constraints  xj^i  -Xj^D,gj„,fori=l,...,N-l  rixMild 
be  added.  The  resultam  mathematical  modd  for  optimal  exit  location  problem  is 


WROT:Min£  £  W,pkE[IROT;(xi . XN)]rk 

r=l  k=l 

Subject  to  Xi+i-Xj^  Dmint  for  i=l,...,N-l 
xi  ^  0 ,  XN  ^  RL 

(3.2) 


3.1.1  Individual  Runway  Occupancy  Hme  (IROT)  Estimation 

As  stated  in  Qu^r  2,  deceleration  distances  and  coire^xmding  decderation  times  are 
generated  for  each  aircraft  via  Monte  Carlo  simulation.  Suppose  we  have  S  decderatimi 
distance  data  and  S  corresponding  deceteraticm  time  data  for  each  aircraft  type.  Define  d* 
and  t*  as  the  s*^  decderation  distance  and  corresponding  deceleration  time  for  s^  1,...,S. 
That  is.  an  aircraft  readies  the  given  exit  speed  at  the  distance  d*  consuming  t*  in  the  s*^ 
landing  trial.  Since  the  same  argument  can  be  qiplied  to  all  the  aircraft  type  con^vising  die 
aircraft  mix.,  the  index  *tk’  describing  the  aircraft  type  and  surface  condititm  is  omitted. 
For  instance,  the  terms,  d*  and  t*.  will  be  used  in  this  secdrni  instead  of  using  d*^  and  t*ric 
as  decderation  distance  and  time  of  aircraft  type  r,  surface  condidmi  k  and  landing  trial  s. 

For  a  given  (rk)  aircraft-surface  condidmi  cmnbination,  the  eiqiected  IROT  is  calculated  by 
averaging  the  ROT’s  of  S  landing  trials.  That  is. 

s 

E[IR0T;(xi,...xn)14£  IROT*(xi,...xn)  («) 

^•-1 


where 

IR01*(X},...,X]if)sindividoal  ROT  given  the  exit  locations  Xi^.-Xj^  on  landing  trial  s. 

For  the  computation  of  IROT/X|....,}^).  it  is  necessary  to  establish  an  exit  assignment 
ininciple.  The  exit  assignmoit  i^ndifie  emfdoyed  in  REDIM  2D  fdlows  die  basic  prind- 
pie  of  exit  suiuMlity  widiout  preferential  consideration  to  gate  location  issues.  Following 
a  realistic  aircraft  operational  guideline,  an  aircraft  is  assigned  to  die  first  exit  among 


3.2  Dynamic  Programming  (DP)  Formulation 


which  are  located  beyond  the  deceleration  distance,  d*.  For  example,  if  d*  is  placed 
between  (i-l)‘*'  and  i*^,  then  the  aircraft  makes  a  turnoff  using  die  i***  exit  on  the  landing 
trials. 

The  deceleraticm  adjustment  scheme  discussed  in  Section  2.3.1  is  also  necessary  for  the 
computation  of  IROT*(xi,...,X].{).  Sui^xise  an  aircraft  is  assigned  to  die  i'^'exiL  Then  time 
for  reaching  d*,  is  known  direi^y  ficm  die  simuladon  data,  but  the  extra  time  for  running 
the  extra  distance  (x^-d*)  is  unknowrL  This  extra  time  is  computed  based  cm  the  deceleradon 
adjustmem  scheme.  Let  5^  be  the  extra  time  for  reaching  assigned  exit  at  s*^  landing  trial. 

The  last  consideration  for  computation  of  IR01*(xx,...,X)4)  is  turnoff  time.  Using  internal 
turnoff  algorithms,  the  turnoff  time  of  an  aircraft  type  is  cmnputed  based  on  the  geometry 
REDIM  2.0  generated  for  that  aircraft  type.  If  the  turnoff  geometry,  however,  varies,  the 
turnoff  time  varies  too.  It  is  not  unusual  that  different  aircraft  are  asagned  to  a  same  exit 
The  geonetry  for  an  exit  should  accommodate  die  critical  aircraft  among  wdiich  are  as¬ 
signed  to  that  exit  This  implies  that  ncHi-critical  aircraft  need  more  turnoff  time,  because 
they  have  to  execute  a  turnoff  along  widi  a  geometry  of  larger  radii  of  curvature.  Ai^x- 
imation  of  turnoff  time  for  a  given  geometry  is  performed  by  simulating  the  aircraft’s  nose 
gear  changes  in  positimi  along  with  a  given  gemnetry  for  every.  1  second  and  tracing  the 
correspmiding  wingtip  positiort  Let  tg^  be  the  turnoff  time  at  landing  trial. 


N+l 

IROT‘(xi....,xn)=X  (t‘+St*+toff») 


i«l 


(3.4) 


where 

lR(d) 


=!a 


the  variable  d  belongs  to  range  R 
otherwise 


X0=O  (runway  threshold) 
X]s|.^i=RL  (runway  length) 


Notice  that  a  90°  angled  exit  is  assumed  to  exist  at  the  end  of  the  runway  whose  locatim  is 
denoted  by  X]«(^|.  An  aircraft  which  misses  die  last  high  ^leed  exit  has  to  move  ftHward  up 
to  the  end  of  runway  and  execute  a  turnoff  using  the  9(f  exit 


3.2  Dynamic  Programming  (DP)  Formulation 


We  now  present  a  contimious  IX*  formulation  for  Problem  WROT  with  die  standard  noia- 
timi  and  terminology  sugge^  1^  HiUer  and  Udiermarm  (1986). 
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Stages: 

Stage,  n,  conesponds  to  a  situation  in  \(diich  up  to  n  exits  can  be  located  to  the  right  (faither 
from  runway  threshold)  of  the  last  exit  already  located.  For  n  =1,..J4,  (N-n)  exits  are  as¬ 
sumed  to  have  been  constructed  from  the  threshold  of  die  runway.  Stage  0  is  a  dummy  ini¬ 
tial  stage. 

States: 

The  state,  Sn,  at  stage  n  represoits  the  location  of  the  rightmost  (fardiest  fincmi  the  runway 
threshold)  exit  currently  located.  For  it=N.  Sji^  =  {-Dn.m}  (which  means  an  imaginary  exit 
location  of  -D^in  ahead  of  runway  threshold).  For  any  other  stage  n = 1 ...  1 .  Sq  would  take 
a  value  in  (s;  (N-n)*Dmin  ^  RL). 

Decisions: 

At  any  stage  n  and  state  s„,  the  decision.  d„,  cone^nds  to  the  location  of  next  exit  to  be 
constructed  to  the  right  of  Sq.  Let ‘do  3  O' mean  that  no  more  exits  will  be  constructed  to  the 
right  of  currently  located  exits.  Then  die  possible  value  of  dn  are  0  and  (d;  (N-n)*D„^  •¥ 
DjQjn  ^  ^  for  n=l....J^. 

With  die  stages,  states,  and  decisions  as  defined  above,  we  are  able  to  proceed  for  iurdier 
formulation  of  immediate  cost,  stage  and  state  transition  function,  and  the  recurave  formu¬ 
la. 

Immediate  return  function: 

The  return  function  Cn(Sn,dQ)  is  the  'immediate'  cost  incurred  at  stage  n  by  making  decision 
dn  in  state  Sg.  This  cost  corresponds  to  the  sum  of  ROT’s  of  aircraft  uriiidi  miss  (N-n)***  exit 
and  are  able  to  execute  a  turnoff  using  (N-n+1)^  exit  Fbr  any  given  values  of  Sq  and  dg. 


if  (dn*Sii)<DBBin  and  dg  ^0 


Qi(Sn,dii)  = 


£  £  wrf)kIROTA(Sg.d.).  if  ((V,-Sn)aDu«andd„»tO 
I  r-l  k-I 


ifdgsO 


(33) 


where 
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S 

IROTric(Sn,dn)*'5^ 


S=1 


and 


(3^) 


1,  the  variable  d  belongs  to  range  R 
0,  otherwise 


(3.7) 


The  defimtions  of  ^ and  toff**  arc  same  as  in  Section  3. 1  except  the  additional  sub¬ 
script  'ik*  rcpresendng  an  aircraft  type  r  and  environmoital  scenario  k.  Equation  3,6  implies 
that  IROT*(s„,dn)  ^  ***  of  ROT  of  aircraft  r  in  environmental  scenario  k  y/box  de¬ 
celeration  distance  (d**)  falls  between  Sq  and  d^  out  of  S  landing  trials. 

Stage  transition  function; 

Given  a  stage  n  and  having  made  a  decision  dg,  the  next  stage  the  (Hocess  transitkm  to  is 
given  by 


*n(dn)  * 


(n.l),ifd„#0 
0,  ifd„=0 


(3.8) 


State  transition  function: 

Given  a  stage  n  and  state  s„.  and  having  made  a  dedskm  (L,  the  following  state  in  stage 
t„(d„)  would  be 


do,  if  4,90 
iSB,ifdeO 


(M) 


Backward  recursive  formula: 

Lot  ^*(Sb)  be  the  optimal  accumnlatird  return  function  foe  a  given  ir^m  ^  at  <»»£»»  n. 

Then  tiiis  function  is  given  recursivdy  by 


fn(Sn)*  tniiiirnurn[c„(SB,dB)  +  C«(XB(Sn,dn))] 
4i>0  or  Sa4>Daib,$dii$RL 


(8.18) 


CHAPTER  3:  Optimization  Model  and  Solution  Algoilthms 


where  the  initial  condition  is  given  by 
R  K  S 

«o(So)=£  £  £  WrPk(4+54+«>f4)I(so.RL](4) 
r=l  k=l  s=l 


(3.11) 


Notice  that  the  subscript  ‘0*  means  the  stage  O.whidh  is  die  dummy  initial  stage,  and  sq 
means  die  location  of  the  last  high  speed  exit  Hie  initial  condition,  f  o(so)  is  the  sum  of 
ROT’S  of  all  aircraft  landings  vriiich  miss  the  last  high  qieed  exit  and  execute  a  turnoff  us¬ 
ing  90^  angled  exit  located  at  die  end  of  die  nmway. 

To  validate  the  DP  approach  for  the  lYoblem  WROT,  let  the  objective  function  in  Eq.  3.2 
be  the  global  return  fiuiction.  That  is. 


R  K 

RN{rN(SN.dN)....,ri(si,di))=  X  WrPkE[IROT;(xi,...,XN)]rk 

r=l  k-1 


(3.12) 


Now  notice  that  Sq  and  d^  are  the  locaticms  of  the  (n-1)  and  n'^'exit,  respectively.  The  im¬ 
mediate  return  function  at  each  stage  n,  for  nsl,...,N,  can  be  stated  as; 


tii(3n»  dn)=Cn(Sn,  dii)+I(N)n  fo(So) 

where 


^"(o,  otherwise 

(See  Eqs.3J  and  3.11.) 
Then 


N 

RN{rN(SN.dN),...Jl(Sl4l))*  S  rn(Sn4ii) 

a>l 


(3.13) 


(3.14) 


Since  the  global  return  function  is  obviously  separable  md  numotonic  nonHlecreaafaig 
function  of  die  immediate  return  function,  r^,  die  prindide  of  optimality  htdds.  Hence,  die 
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DP  i^ioach  for  the  Problem  WROT  is  valid. 

3.2.1  Algorithmic  Development 

Beginning  with  stage  1,  die  DP  algorithm  proceeds  recursively  through  stage  N  using  die 
recursive  formula  (Eq.  3.10).  At  any  stage  n  in  this  process,  the  state  s^  corresponds  to  the 
location  of  the  rightmost  exit  among  already  cmistructed  (the  (N-n)'*'  exit)  and  the  decision 
do  corre^nds  to  the  location  of  the  next  exit  (if  decision  dn=0,  no  more  exits  will  be  am* 
structed).  Since  the  state  ^lace  and  decision  space  are  omtinuous  over  the  real  line  from  0 
to  RL,  the  optimal  decision,  d*„,  and  the  corresponding  optimal  intermediate  return  func¬ 
tion  f*B(Sn)  diould  be  expressed  as  functions  of  s^  at  every  stage  n.  The  exact  solution  may 
be  found  on  a  specific  problem  with  given  values  of  N,  R,  K  and  the  deceleration  distances 
(d*)  and  deceleration  times  (t*)  for  all  r=l...JC  k=1...3C  and  s=l....S.  However,  a  general¬ 
ized  solution  algorithm  cannot  be  derived  because  of  the  structure  of  the  objective  function 
of  the  problem  and  the  continuous  state  and  decision  qiaces.  If  the  candidate  generation 
scheme  developed  during  the  Phase  1  is  rqrplied  to  this  problem,  the  continuous  EH*  formu¬ 
lation  is  converted  as  a  discrete  DP  formifiation  without  loss  of  optimality  (Refer  to  Sherali 
et  al,  1990).  This  ai^roach.  however,  is  impractical  for  implementing  on  a  PC.  because  it 
generates  too  many  candidate  locations. 

An  approximation  algorithm  is  derived  by  discretizing  tire  line  segment  frmn  0  to  RL  with 
arbitrary  search  intervals.  Suppose  the  exits  can  be  located  among  the  points  generated  by 
discretizing  the  runway  with  a  certain  seardi  interval,  say  2Sm,  instead  of  any  point  m  the 
runway.  Then,  the  possible  values  of  Sq  and  do  for  each  stage  n  can  be  enumerated.  For  ev¬ 
ery  possible  Sq.  we  find  f'n(%i)  Eq.3.10  over  all  possible  values  of  d„  in  a  badcwaid 

search  manner.  The  correspoiiding  optimal  deciaon  d* „  is  stored  alcmg  with  the  value  of 
f*„(Sn).  At  final  stage  N,  the  value  of  f  n(sn)  (=  fN*(0) )  gives  the  q)timal  objective  func¬ 
tion  value  of  the  ProUem  WROT.  The  optimal  exit  locaticms  xi,...xi«(  can  be  ftmnd  by  trac¬ 
ing  the  optimal  decisions  from  d*|to  using  stage  and  state  transition  fiinctimis. 

Now  let  I  be  the  total  number  of  search  intervals  over  the  entire  runway.  At  each  stage,  we 
have  I  states  and  I  decisimis  at  worst  case.  For  every  single  stage-state-decisioi  combina¬ 
tion.  0(RKS)  computatimis  are  involved.  Thus,  the  algorithm  is  of  polyixMnial  conqdexity 
0(NRKSI^). 

3  J  Comparison  of  Phase  II  and  Phase  I  Optimization  Approaches: 


First  of  all.  a  basic  princi{4e  behind  Phase  I  qrproach  is  that  eadi  aircraft  type  should  be 
assigned  to  an  designated  exit  By  assigning  e^  aircraft  type  to  an  designioed  exit,  tire 
variations  of  ROT  ftrr  each  aircraft  is  expected  lo  be  reduced  aldiou^  the  average  is  ex¬ 
pected  to  increase.  In  Phase  n,  an  aircnit  type  is  allowed  to  be  assigned  to  two  or  mcne 
exits  resulting  in  less  average  ROT  with  higliw  variations.  Because  of  ttds  diffnenoe  in  as- 
sigranent  princiide,  the  amount  of  data  and  the  computational  efftms  ate  increased  signifi¬ 
cantly.  The  optimization  in  phase  I  was  performed  analyzing  die  influence  of  differem  exit 
locations  on  each  aircraft  type  in  an  aggregate  manner,  nriifle  die  optimization  in  Phase  n 
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analyses  the  influence  of  the  different  exit  locations  on  eadi  landing  trial.  If  we  consider  S 
landing  trials  for  each  aircraft,  the  computaticMial  efforts  of  i^iase  n  model  is  increased  as 
S  times  of  that  of  I^iase  1  model. 

The  second  difference  is  the  characteristic  of  the  solution  (the  optimal  exit  locations).  The 
optimization  scheme  of  Phase  n  produces  a  range  of  optimal  solutions  while  that  of  Phase 
I  resulted  in  a  deterministic  turnoff  solution  (i.e.,  point  solution).  Range  solutions  are 
achieved  by  repeating  the  simulation  and  the  optimizatitm  several  times.  At  each  repetition, 
the  simulation  generates  a  different  set  of  deceleration  distance  data  and  the  optimization 
is  performed  based  on  the  differem  set  of  data.  For  instance,  a  typical  solution  of  this  Phase 
n  model  might  look  like  (475-525, 1650-1700, 2100-2 1 75)  inst^  of  deterministic  exit  lo¬ 
cations  (500, 1700, 2150).  The  range  solution  reflects  the  fact  that  slight  differences  in  exit 
locations  do  not  affea  significantly  the  average  ROT  thus  giving  airport  designers  more 
flexibility  while  planning  runway  improvements. 


CHAPTER  4 


'IXimoff  Geometric  Design 
Compatibility  Issues 


This  ctu^r  addresses  important  lateral  and  longitudiiud  constraint  issues  that  arise  natu¬ 
rally  while  locating  runway  turnoffs.  The  lateral  constraints  are  exemplified  by  limited 
disumces  from  runway  centeiline  to  a  taxiway  centeiline  whereas  longitudinal  constraints 
deal  with  possible  conflicts  between  ireighboring  turnoffs. 


4.1  Runway  Lateral  Constraints  and  Their  Assessment 


A  problem  arising  naturally  from  the  placement  of  medium  and  hi^-qoeed  turnoffs  tm  a 
runway  is  dre  potential  risk  of  executing  turning  maneuvers  at  high  or  moderate  speeds  in 
the  presence  of  other  aircraft  ground  traffic  on  nearby  taxiways.  About  190  airports  in 
United  States  have  implemented  FAA  standard  high-^)eed  geometries  [FAA,  1981].  As 
many  of  these  facilities  were  originally  planned  in  the  late  forties  and  fifties  they  adopted 
lateral  taxiway  design  standards  that  were  not  necessarily  compatible  with  die  lateral 
requirements  of  high  speed  turnoffs.  Many  of  these  facilities  have  separadtm  distances 
between  runway  and  pa^el  taxiway  centerlines  of  only  122  m.  (400  ft).  These  distances 
are,  in  general,  inadequate  to  expedite  aircraft  fiom  an  arrival  runway  at  high  speed  unless 
a  different  turnoff  design  philos^y  is  adopted  and  smaller  turnoff  arises  are  used  rqflac- 
ing  mristing  30  Deg.  geometric  standards.  A 122  m.  sqraration  disturce  between  the  run¬ 
way  and  a  paraUel  taxi  way  leaves  pilots  with  very  little  room  for  decelerating  an  aircraft 
on  the  turnoff  tangent  and  this  might  well  be  one  of  the  coittributing  factors  in  die  poor  use 
of  existing  high  speed  runway  turnoffs  at  various  airports  [Koenig,  1978;  Ruhl,  1^].  The 
main  safety  consideradon  in  this  regard  is  the  little  deederatkm  time  pilots  wiU  have  in 
tmnging  in  their  aircraft  to  a  reastmable  taxiirig  speed  once  a  turnoff  is  taken  near  its 
design  speed. 
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FIGURE  4.1  Generalized  IVimoff  Geometry. 

Turnoff  Entry  Point 
(Entry  Sprad) 


In  order  to  illustrate  this  lets  ccmsider  a  heavy  aircraft  ot  the  type  of  a  Boeing  747-4(X)  as  it 
takes  a  standard  FAA  30  Degree  angle  geometry  at  26.7  m/s  (60  MPH)  whidi  is  consid¬ 
ered  to  be  the  design  speed  for  diis  turnoff  [Horonjeff  et  al..  1961].  Figure  4.1  illustrates 
the  general  layout  of  a  high  speed  turnoff  showing  two  distina  radii  of  curvature  associ¬ 
ated  with  two  curves  called  lead-in  and  lead-out  turns.  Using  ctmtinuous  simulation  it  is 
possible  to  derive  lateral  distance-speed  plots  to  understand  the  aircraft  kinematic  behav¬ 
ior.  Hgure  4.2  illustrates  four  different  curves  rqrresoiting  four  deceleradtm  rate  values 
(m  the  tangent  portkm  of  the  turnoff.  AH  curves  were  derived  using  a  turwff  entry  speed 
(^exit)  of  26.7  Ws  at  the  point  of  intersectitm  of  the  turnoff  geometry  and  the  runway  cen¬ 
terline.  In  these  computer  simulations  the  assumed  free  roll  decderatitm  on  the  curve  was 
-0.37S  tn/s^  as  this  value  was  measured  experimentally  by  Honmjeff  et  al.  in  1961  using  a 
large  transport  aircraft  (KC-13S)  tm  548.8  m.  (18(X)  fo)  centerline  radius  curves  [Hmtm- 
jeffetal..  1961]. 

In  Figure  4.2  the  abscissa  rqrresents  the  lateral  distance  of  the  aircraft  nose  gear  measured 
ftom  the  runway  centerline.  For  design  purposes  one  would  have  to  add  die  lateral  rarige 
distance  associated  with  a  lead-out  radius  (see  Fig.  4.1)  corresptmding  to  the  expected 
final  ^)eed  as  the  aircraft  enters  the  parallel  taxiway.  From  Hgure  4.2  it  can  be  observed 
that  existing  FAA  standards  for  a  30  degree  turnoff  will  assume  dut  pilots  decelerate  at 
about  -0.75  m/s^  on  the  tangent  in  order  to  reach  the  entrance  point  of  a  122  m.  (800  ft) 
radius  curve  at  around  17.9  m/s  which  is  the  design  qreed  for  this  radius  of  curvature 
according  to  weD  accepted  standards  [Hormjeff  et  at,  1^1].  The  lateral  distance  ftom  the 
runway  centerline  is  about  150  m.  thus  resutting  in  an  effecdve  nmway  to  taxirray  center- 
line  distance  of  183  m.  (600  ft.)  once  die  lateral  distance  of  a  244  m.  (800  ft)  lead-out 
radius  is  added.  Figure  4.3  rqnesents  the  minimum  recommended  lateral  distances  mea- 


40 


4.1  Runway  Lataral  Constrainta  and  Thair  Aaaaaanwnt 


ncuRE  4.2  Aircraft  Speed  vs.  Lateral  Distance  Tiraveled  on  a  Standard  FAA  Acute  Angle  (30 
degrees)  Runway  lUmoff  at  26  m/s  Design  Speed. 


HGURE  4.3  Recommended  Runway  to  Taxiway  Separation  Criteria  for  Standard 
FAA  30  Degree,  Acute  Angle  Geometries. 
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sured  finom  runway  to  taxiway  centeilines  for  geometries  using  a  S48.8  m.  (1800  ft)  as 
centerline  radius  of  curvature  and  three  different  exit  angles,  6. 

Figure  4.3  was  derived  using  a  constant  -.75  m/s^  deceleration  on  the  tangent  with  a  third 
order  time  lag  mechanism  to  represent  a  delayed  braking  schedule.  Note  that  values 
shown  in  this  figure  represoit  distances  between  runway  and  taxiway  centerlines  and 
could  be  used  for  design  standardization  for  future  airport  projects.  The  net  effect  of 
reducing  the  exit  angle,  6,  is  a  correspotKling  reduction  in  the  minimum  lateral  space 
requirements  needed  to  implemou  high  speed  turnoff  geometries.  Taking  as  a  reference 
point  an  exit  speed  of  26  tn/s  it  can  be  seen  that  a  reduction  of  23%  in  the  lateral  distance 
requirement  is  possible  if  the  exit  angle  is  reduced  ftom  30  to  20  degrees  (e.g.,  from  183 
m.  for  6  =  30  degrees  to  141  m  for  6 = 20  degrees).  It  is  erqrected  that  all  previous  assump¬ 
tions  usually  will  hold  under  low  visibility  and  wet  pavement  conditions  as  pilots  act  with 
conservatism  and  take  high  qreed  turnoffs  at  lower  entry  speeds.  One  importam  pilot 
uncertainty  could  be  the  “rigta-of-way  dilemma*’  associated  with  an  aircr:^  exiting  at 
high  speed  near  a  taxiway  junction.  If  pilots  fear  diat  taxiway  traffic  mi^  pose  a  collision 
rii^  they  might  be  unwilling  to  take  a  high-speed  turnoff  near  their  design  exit  speed 
urdess  visibility  conditions  allow  easy  verification  of  potential  ground  tra^.  Some  of  the 
human  factor  implications  related  to  the  design  of  high  speed  turnoffs  are  addressed  in 
Section  4.3  of  this  report 

The  implications  of  taxi  way  proximity  cannot  be  taken  lightly  in  this  respea  as  there  is 
some  evidence  that  in  many  of  the  existing  airport  facilities  having  smaU  lateral  distances 
between  a  runway  and  taxiway  couerlines  cannot  productively  use  a  standard  30  degree 
angle  turnoff  [Koenig,  1978;  Ruhl.  1990].  The  prospect  of  using  a  modified  30  degree 
turnoff  widi  a  427  m.  entrance  spiral  (14(X)  fL)  as  stipulated  in  FAA  AC  1S0/S300-13 
increases  the  pilots’  capability  to  decelerate  an  aircraft  to  more  comfortable  speeds  before 
reaching  the  tumoff-taxiway  junction  as  the  curved  portion  of  the  turnoff  increases  in 
length  as  that  of  the  standard  30  degree  geometry  (see  Hgs.  4.2  and  4.4). 

Figure  4.4  illustrates  this  point  showing  four  deceleration  curves  where  the  tangent  decel¬ 
eration  sdiedule  has  been  varied  from  -0.37S  to  -1.25  m/s^  for  a  modified  FAA  acute 
angle,  30  degree  angle  geometry  with  a  427  m.  entrance  spiral.  From  the  simulatitm 
results  shown  in  Fig.  4.4  one  can  see  that  the  minimum  distance  between  a  runway  and  a 
parallel  taxiway  centerline  for  diis  geometry  should  be  183  m.  (ISO  m.to  the  entrance  of 
the  second  122  m.  radius  of  curvature  arc)  as  this  wUl  result  in  an  entry  speed  of  17  m/s 
(37.9  MPH)  at  the  taxiway/tumoff  junction  using  zero  braking  throu^wut  die  tangent  por¬ 
tion  of  the  turnoff  (i.e.,  -.375  m/s  ^  deceleration.  If  stnne  tHakirrg  is  allowed  on  the  tangent 
section  of  die  turnoff  (say  -0.75  m/s^)  a  reduction  in  the  distance  to  the  parallel  taxiway 
could  be  possible  down  to  145  m.  (476  ft.)  maintaining  a  17  m^  final  qieed  at  die  lead-out 
turn  point  of  curvature.  Deceleration  rates  on  tangoits  of  up  to  0.75  m/s^  would  seem 
acc^taUe  for  well  designed  tumofEs  althou^  further  simulator  testing  is  needed  to  ctm- 
firm  this  point  This  deceleration  rate  is  about  half  of  that  used  on  the  runway  by  most 
transport-type  aircraft.  It  is  interesting  to  note  that  several  airports  have  imfriemer^  die 
modified  acute  an^e  high  speed  exit  with  lateral  distances  of  ^y  122  mts  (4(X)  ft.)  as  this 
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HGURE  4.4  Aircraft  Speed  vs.  Lateral  Distance  Tlraveled  on  a  Modified  FAA  30  Deg. 
Runway  Turnoff  with  a  427  m.  (1400  ft.)  Entrance  Spiral. 


Lateral  Distance  from  Runway  Centerline  (m.) 


RGURE  4.5  Recommended  Runway  to  Taxlway^paratlon  Criteria  for  Modified 
FAA  Acute  Angle  Geometry  with  4^  m.  (1400  ft.)  Spiral. 
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complies  with  current  design  standards  for  precision  runways  serving  aircraft  in  rqrproach 
category  C  and  up  to  design  group  IV  (i.e.,  wingspans  betweoi  36  and  52  m.). 

Hgures  4.5  deincts  graphically  minimum  recorrunoided  lateral  distances  between  runway 
and  taxiway  centerlines  for  a  modified,  acute  angle  high  speed  turnoff  with  a  427  m.  (1400 
ft)  entrance  spiral  This  figure  summarizes  computer  simulation  results  used  to  establidi 
minimums  for  lateral  spacing  separations  for  various  exit  angles  and  final  exit  greeds. 
Note  ttiat  turnoff  entry  speed  and  deceleration  on  the  tangent  turnoff  portion  have  bear 
maintained  constant  at  26  m/s  and  -0.75  nUs\  respectively. 

4.1.1  'nirnoff  Entry  Speed  Limitations 

Here  we  examine  the  limitations  on  turnoff  entry  speed  as  they  qrply  to  existing  and 
newly  proposed  turnoff  geometries  (designated  l^DIM  generated  geometries  hereon). 
The  idea  is  to  find  the  limitations  on  turnoff  entry  speeds  that  will  yield  realistic  final 
speeds  at  the  taxiway/tumoff  juru:tion.  The  derivation  of  these  results  was  made  possible 
with  the  use  of  simple  aircraft  equations  of  motion  in  a  two-dimensional  plane  with  a  third 
order  delay  in  the  deceleration  rate  equation  to  realistically  simulate  pilot  time  lags  in  the 
application  of  brakes  on  the  tangent  section  of  the  turnoff  trajectory.  The  applicable  equa¬ 
tions  of  motion  during  a  turnoff  maneuver  are  ^wn  in  Equations  4.1  throu^  4.6  which 
were  solved  numerically  using  a  continuous  simulation  language  to  estimate  precisely  the 
minimum  lateral  distance  requirements  from  runway  to  taxiway  centeriines  to  satisfy  turn¬ 
off  entry  speed  requirements. 


Xt  =  xt-i  +  I  Vt  cos0t  dt 

Ai 

yt  =  yM  +  j  Vtsine,dt 

Ai 


^  =  V..1+ f 

Ai 


atdt 


(15.1) 


(15.2) 


(154) 
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if  6t  <  6tun)off 
if  6t  ^  Btunioff 

ifet<o 

(15.4) 

01  =  01-1  +1  0t  dt 
Ai 

(153) 

A  _  I  f(R)  fOT  standard  FAA  Turnoffs 

fO^  Izzf  Inside)  fOT  standard  REDIM-Gcncrated  Turnoffs 

In  these  equations  6,  is  the  instantaneous  aircraft  heading,  at  is  the  instantaneous  aircraft 
acceleration,  Xtand  yt  are  the  cartesian  coordinates  of  the  aircraft  (the  nose  wheel  has  been 
used  as  reference  position),  Vt  is  the  aircraft  nose  wdieel  tangaidal  velocity  and  d6/dt  is 
the  rate  of  change  of  the  aircr^  heading  angle. 

Figure  4.1  shows  the  turnoff  nomenclature  and  illustrates  the  meaning  of  the  entry  and 
final  turnoff  points.  Note  that  the  mmoff  entry  point  is  defined  as  the  intersectiOTi  of  the 
runway  and  turnoff  centerlines  whereas  the  turnoff  final  poirtt  is  die  intersection  of  the  tan¬ 
gent  portion  of  the  turnoff  and  the  poim  of  curvature  of  die  lead-out  centerline  curve.  The 
selection  of  this  final  turnoff  point  was  based  on  the  assumption  that  an  aircraft  readiing 
this  point  should  be  capaUe  of  negotiating  the  lead-out  turn  at  a  prescribed  speed.  Cunem 
high  speed  FAA  turnoff  designs  specify  lead-out  turn  centerlines  of 244  m.  (800  ft)  which 
translate  to  a  design  speed  of  17.9  m/s  (40  MPH).  If  a  douUe  back  trajectory  is  (Movided. 
however,  die  final  turnoff  speed  is  reduced  consideratdy  (pndiably  below  6  n^)  as  aircraft 
have  to  negotiate  smaller  radius  of  curvature  cn  the  double  bade  0.e.,SO  m.  radius  typical). 

Hgures  4.6  through  4.8  illustrate  entry  qieed  turnoff  limitatirms  Iot  the  largest  and  most 
critical  conunuter  aircraft  (TERP  B  category)  using  the  turning  algoridims  of  REDIM 
rifani  and  Hobeika  et  al..  1990]  for  three  differem  exit  angles  rangir^  fiom  30  to  20 
degrees.  The  interpretatitm  of  diese  is  as  follows: 

Sdea  a  desired  turnoff  entry  speed  (Vatit)  on  horizmital  axis  and  a  final  qreed  tt  the 
tumoff-taxiway  junction  then  estimate  the  minimum  lateral  distnoe  to  a  paraltel  taxiway 
by  readirtg  off  the  ordinate  axis.  Taking  as  a  numerical  examfde  an  entry  design  turnoff 
speed  of  2S  tn^  (36  MPH)  and  using  a  final  qieed  of  17.3  m^  (39  MPH)  it  can  be  seen 
ftmn  Figure  4.6  that  a  minimum  lateral  sqMration  (ff  122  m.  (4()0  ft)  is  requiied  to  exe¬ 
cute  the  turn  comfortably  if  the  exit  angle  is  maintained  at  30  d^rees.  If  die  designer  low¬ 
ers  the  exit  angle  to  23  degrees  a  reduction  in  the  lateral  qMdng  re^iiianeat  of  31  m.  is 
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Recommended  Runway  to  Taxiway  Separation  Criteria  for  Commuter  Aircraft 
(TERP  B)  using  REDiM  Geometries  (25  Deg.  Exit  Angie). 


Exit  Angie). 
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adiieved  necessitating  only  91  m.  (300  ft)  laterally  to  satisfy  the  same  tumoff  entry  and 
final  speed  conditions.  These  curves  are  useful  for  design  and  planning  purposes  in  the 
presence  of  lateral  constraints. 

Hgures  4.9  through  4.1 1  illustrate  the  minimum  lateral  distance  lequiiemertts  for  medium 
size  transport  aircraft  classified  under  the  TERP  C  category  for  ATC  purposes.  Figures 
4.12  through  4.14  depict  the  same  requirements  for  heavy  transport  aircraft  (TERP  D  cat¬ 
egory).  It  should  be  emi^iasized  that  these  plots  were  obtained  modding  the  pilot’s  decel¬ 
eration  time  lag  on  the  tumoff  as  a  third  order  delayed  system  with  a  time  constam  of  0.5 
seconds.  A  -0.75  m/s^  deceleration  rate  on  the  tumoff  tangent  was  also  used  in  the  cmnpu- 
tations.  More  details  in  this  regard  are  provided  in  Section  4.1.3. 


HGURE  4j8  Recommended  Runway  to  Taxiway  Separation  Criteria  for  Commuter  Aircraft 
(TERP  B)  using  REDIM  Geometries  (20  Deg.  Exit  Angle). 


Exit  Speed  (m/s) 


4.U  Pilot  Visibility  Issues  at  Taxivray  and  Runway  Junctions 

Aircraft  visiWlity  angles*  (day  an  im(x>rtam  role  in  everyday  airi»rt  operadons  as  (xlots 
have  limited  ctqnbilities  to  see  outside  objects  from  thdr  codqMt  eye  level  position. 
bilify  requiranents  in  the  horizontal  and  vertical  (danes  are  dictat^  Federal  Aviation 
Administration  R^uladons  (FAR  25.277)  and  limited  to  a  ftontal  visibilfty  hemisphere 
coveting  130  degrees  from  port  and  starboard  codqdt  refierence  points.  Tdde  4.1  illus- 
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trates  hoiizomal  and  vertical  visibility  characteristics  for  currait  transport  aircraft  [Boe¬ 
ing.  1988. 1989. 1990. 1991]. 

Note  that  low  turnoff  angles  in  general  have  an  inherent  drawback  of  leaving  pilot  with  lit¬ 
tle  horizontal  visibility  to  assess  potential  traffic  at  tumoff^taxiway  iruersections.  This 
problem  could  be  mitigated  with  the  use  of  automatic  traffic  signalu^rm  systems  which 
are  curraitly  being  tested  by  the  FAA  John  F.  Kennedy  airport 

The  importance  of  these  visibility  angles  should  tut  be  underestimated  as  aircraft  pilots 
usually  would  like  to  maintain  certain  awareness  of  potential  traffic  while  manmivering 
near  taxiway  intersections. 


TABLE  4.1  Horizontal  and  Vertical  Visibility  Angles  for  Various  Aircraft. 


Aircraft  Name 

Horinmtal  Visibility 
(degrees) 

Vertical  VisibUity 
Up/Down  (degrees) 

Boeing  747-400* 

147 

37/34 

Boeing  7S7-200 

129 

34/19 

Boeing  727-200 

134 

24/33 

Boeing  767-300 

126 

35/25 

Boeing  737-200 

133 

24/33 

m.  Horizoilal  md  perpendicular  to  longitudinal  airciaft  axis  visibiliQr  angles  increaie  u  the  head 
is  displaced  outwod  Grom  reference  codqiit  potitioii. 


From  the  airport  operaritmal  point  of  view  these  horiztxital  and  vertical  visiUlity  angles 
should  be  considered  in  the  geometric  design  of  intersections  between  a  taxiway  and  a 
runway  and  between  runway  tumofls  and  taxiway^  as  {rilots  will  undoubtedly  look  fi>r  air¬ 
craft  tndfic  at  either  side  of  the  runway  or  taxiway  iHule  executing  crossing  mannivers.  A 
desirable  feature  of  the  new  deagns  is  that  they  should  provide  enough  crew  awareness  of 
aircraft  traffic  on  runways  being  crossed  and  taxiway  intersections  widuut  qiecial  aircraft 
maneuvers  that  will  increase  crew  workload.  The  motivational  fiutors  guiding  {rilots  in 
their  assessmem  of  intersectkms  should  be  examined  in  flight  simulatioos  to  verify  semie 
of  these  behaviors. 

4.13  Pilot  Reaction  Tinies  and  Tdrnoff  Deceleration  Schedule 

In  (tedding  the  design  exit  sped  of  a  turnoff  geometry  one  has  lo  {ray  careful  attention  to 
the  aircraft  operational  su^sping  criteria  before  readi^  a  tumoff^way  intersection  (»- 
in  some  extreme  cases  a  hcriding  line  0.e..  iHien  a  dosdy-iqiaoed  pardtel  nmway  is 
(xesent).  For  many  airports  in  the  U3.  die  snaall  lateral  separttion  between  runways  or 
between  runways  and  paralld  taxiways  makes  dris  issue  one  of  greia  rdevanoe  as  aircraft 


48 


4.1  Runway  Lataral  Constraints  and  Thair  AasassnMnt 


RGURE  4.9  Recommended  Runway  to  Taxiway  Separation  Criteria  for  Medium  Tiransport 
Type  Aircraft  (TERP  C)  using  REOIM  Geometries  (30  Deg.  Exit  Angte). 


Final  Speed 

"  'O  20.0  m/s 

—  17.5  m/s 

'  a  '  15.0  m/s 

♦  12.5  m/s 

■  10.0  m/s 

— o -  0.0  m/s 


nouRE  4.10  Recommended  Runway  to  Taxiway  Separation  Criteria  for  Medium  Transport 
Type  Aircraft  (TERP  C)  using  RS>IM  Geometries  (25  Deg.  Exit  Angle). 


Exit  Speed  (m/s) 


Final  Speed 

■  20.0  m/s 

17.5  m/B 
15.0  fiVS 

12.5  m/B 

"W  -■  10.0  m/B 

o  0.0  m/S 


Recommended  Runway  m  Recommended  Runway 

to  Taxiway  Distance  (m.)  t  to  Taxiway  Distance  (m.) 
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HGURE  4.11  Recommended  Runway  to  Taxiway  Separation  Criteria  for  Medium  Transport 
lype  Aircraft  (TERP  C)  using  REDIM  Geometries  (20  Deg.  Exit  Angle). 


Final  Spaed 

20.0  m/s 
17.5  m/s 
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!  Recommended  Runway  to  Taxiwaw  Separation  Criteria  for  Heavy  Transport 
Type  Aircraft  (TERP  D)  using  REOiM  Geometries  (30  Deg.  Exit  Angle). 


Final  Speed 
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-* —  10.0  m/s 
“O—  0.0  m/s 


30 


35 


4.1  Runway  Lataral  Constraints  and  Thair  Assassmant 


HGURE  4.13  Recommended  Runway  to  Taxtwew  Separation  Criteria  for  Heavy  Transport 
Type  Aircraft  (TERP  D)  using  REDIM  Geometries  (25  Deg.  Exit  Angle). 


Final  Speed 

"■ —  20.0  m/s 
—  17.5  m/s 
-■ —  15.0  m/s 

12.5  m/s 
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nouRE  4.14  Recommended  Runway  to  Taxiwiw  Separation  Criteria  for  Heavy  Transport 
lype  Aircraft  (TERP  D)  using  REDIM  Geometries  (20  Deg.  Exit  Angie). 
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landing  on  a  nmway  and  taking  a  high-speed  turnoff  have  to  decelerate  quiddy  on  die 
turnoff  to  reach  a  manageable  speed  at  the  start  of  the  lead-out  turn  (Fig.  4.1)  or  some¬ 
times  it  might  be  forced  to  stop  at  a  holding  line  position  before  crossing  an  active  parallel 
runway.  The  influence  of  pilot  behavior  on  a  turnoff  is  of  paramount  importance  to  deter¬ 
mine  lateral  distance  thresholds  associated  with  new  npid  runway  design  turnoffs.  Figures 
4.2  and  4.3  depict  results  for  standard  FAA  geometries  that  could  be  used  as  guidelines  to 
determine  the  suitability  of  these  turnoffs  under  lateral  constrained  scenarios. 

The  implications  of  selecting  a  particular  turnoff  geometry  are  very  obvious  as  each  one 
possesses  various  degrees  of  curvature  consuming  various  lateral  range  distances  over 
time.  For  example,  a  standard  30  degree,  acute  angle  FAA  turnoff  geometry  we  can  see 
from  Figure  4.2  that  a  heavy  aircraft  decelerating  at  -0.75  m/s2  requires  150  m.  laterally  to 
decelerate  to  comfortable  speeds  after  taking  the  turnoff  at  the  design  speed  of  26.7  m/s 
(60  m.pJh.).  These  plots  account  for  typical  pilot  time  lags  in  the  application  of  braking  on 
the  tangent  portion  of  the  turnoff  and  they  could  be  used  as  guidelines  for  design  of  future 
runway  facilities. 


4.1.4  Junction  Maneuvering  Speeds 

The  assumptions  regarding  turnoff  speeds  at  turnoff  intersections  and  junctions  have  to  be 
based  upon  the  safe  and  expeditious  ground  operations.Cunent  junction  designs  for  FAA 
30  degree  angle  geometries  dictate  a  lead-out  turn  radius  of  244  m.  (800  ft.)  equating  to  a 
design  entry  speed  of  17  m/s  (40  m.pJh.).  This  speed  can  only  be  used  if  the  aircraft  is 
assumed  to  fo^w  the  lead-out  turn  p^  When  a  ^uble  bade  option  is  available  the  entry 
speed  for  even  the  largest  radius  of  curvature  (i.e..  52  m.  for  design  group  VI)  would  only 
aJlow  average  taxiing  speeds  of  5-8  mjs.  (11-17  m/|pJi.)  depending  upon  the  manoiver- 
ability  and  size  of  the  aircraftThe  45  degree  angle  geometry  has  a  37  m.  (120  ft.)  lead-out 
radius  thus  allowing  at  most  a  regular  taxiing  speed  of  8  m/s. 

4.2  Runway  Longitudinal  Constraints 


Runway  turnoff  geometries  designed  for  high  exit  speed  requite  large  downrange  dis¬ 
tances  between  the  runway/tumoff  to  tumoff/taxiway  interseetton  pmnts  (see  Figure  4.15) 
for  their  implementation.  A  modified  30  d^ree  angle  turnoff  geometry  with  a  427  m. 
(14(X)  ft)  transititm  qnral  requires  670  m.  (2198  ft.)  between  points  of  intersectitMi.  Large 
downrange  turnoff  requirements  have  the  potential  drawback  of  limiting  the  number  of 
turnoff  geometries  that  could  be  implemented  at  a  runway  facility.  The  main  concern  in 
REDIM  2.0  is  the  possiUe  negative  effect  of  ctmflicts  arising  between  adjacent  dissiniilar 
turnoffs.  REDIM  2.0  turnoff  conflict  resolution  algorithms  check  for  the  proximity  of 
“neighboring”  solutions  before  declaring  any  nunoff  geometry  as  being  opdrnally  located. 
This  intftiligant  mode  of  operation  is  active  in  REDIM  2.0  for  two  of  the  four  runway  anal¬ 
ysis  modes  0-e.,  design  and  improvement  cases)  as  these  could  result  in  conflicts  b^ween 
neighboring  candidate  turnoff  solutions.  The  reader  diould  be  aware  that  lor  any  Qrpe  of 
turnoff  gecMnetry  there  are  three  wefl  defined  types  of  constrairas  to  be  investigate  beftue 


AJZ  Runway  Longttudinal  Constrainta 


a  tunx>ff  is  a  viable  exit  candidate  on  any  runway:  1)  getmaetric,  2)  operational  and  3) 
obstacle  free  zone  separation  minima.  Currently  REDIM  2.0  addresses  the  first  two  con¬ 
straints  as  they  are  usually  the  nrost  dominant  in  realistic  airport  scenarios. 

The  geranetric  constraint  refers  to  minimum  lateral  separatitm  dictated  exclusively  by  the 
idiysical  shape  of  the  turnoff  For  example  the  minimum  desirable  geometry  of  a  staridard 
30  degree  FAA  acute  angle  turnoff  would  consists  of  a  lead-in  turn  followed  irrunediately 
by  a  lead-out  turn  (see  Rg.  4.15)  without  a  tangent  segment  This  minimal  configuration 
requires  a  lateral  separation  between  a  runway  and  taxiway  centerlines  of  106  m.  (350 
ft)  with  no  double  back  and  167  m.  (550  ft)  with  a  douUe  back  if  aircraft  design  group  V 
standards  are  used. 

The  operational  constraim  refers  to  minimum  lateral  separation  dictated  exclusively  by  the 
entry  and  final  speeds  on  the  tunmff.  The  standards  proposed  in  REDIM  2.0  are  those 
derived  in  this  research  using  computer  aircraft  simulations  and  shown  grrqrfiically  in  Hg- 
uies  4.2  through  4.14.  In  general,  die  operational  requirements  to  meet  entry  and  final 
speeds  on  the  turnoff  dominate  over  the  geometric  design  requirements.  However,  for  low 
exit  angles  and  moderate  speeds  this  rule  might  not  hold  true. 

Obstacle  free  zone  operation  minima  standards  refer  to  diose  rules  where  the  minimum 
separation  between  a  runway  and  a  taxiway  or  a  runway  is  dictated  by  obstacle  free  zone 
(OFZ)  regulations.  Cases  litre  this  arise  when  a  close-parallel  runway  is  present  from  that 
being  analyzed  and  where  full  stopping  criteria  needs  to  be  enforced  before  readiing  the 
parallel  runway  at  a  holding  line  positioa  This  phenomena  is  illustrated  in  Fig.  4.15 
depicting  a  hold  line  to  exists  between  runways  1  and  2  in  order  to  comply  with  OFZ 
rules.  Currently,  REDIM  does  not  imitiemem  OFZ  checks  but  die  user  can  verify  OFZ 
compliance  by  checking  Advisory  Grcular  150|/S3(X)-13.  A  zero  final  speed  in  die  turnoff 
design  parameters  could  be  used  to  estimate  minimum  lateral  separation  criteria  up  to  a 
holding  line  as  shown  in  Hg.  4.15. 


HGURE  4.15  Turnoff  Geometry  Dictated  by  Separation  Minima  Constraints. 
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The  conflict  inesolution  algorithm  implemented  uses  knowledge  of  existing  and  proposed 
new  geometries  in  terms  of  their  longitudinal  and  lateral  space  requirements  (Figure  4.13). 
This  topic  is  covered  in  the  following  secdoa 

4.2.1  Characterization  of  Existing  'nimoff  Geometries 

Hve  standard  geometries  are  characterized  in  this  section  with  aim  of  estaUi^ng  guide¬ 
lines  for  neighboring  tumoif  resolution.  The  tumojGT  characterization  is  executed  by  defin¬ 
ing  any  turnoff  geometry  in  terms  of  three  basic  segmoits:  1)  lead-in  turn,  2)  tangent 
segment  and  3)  lead-out  turn.  Figure  4.16  illustrates  these  segments  for  a  generalized  turn¬ 
off  geometry.  The  definition  of  each  segment  is  made  in  terms  of  suitable  radii  and  turnoff 
angles  complying  with  FAA  design  groiq>  criteria  used  in  airport  design  [FAA,  1989]. 
Table  4.2  defies  the  longitudinal  and  minimum  lateral  space  requirements,  labeled  Diong 
and  Diu.  for  four  standard  turnoff  FAA  geometries  and  for  the  recently  proposed  “wide 
throat"  turnoff  [Carr,  1981]. 


R6URE  4.16  General  TUmoff  Segmentation  for  Diong  and  D  m  Characterization. 


Lead-out  Segment 


Table  4.3  defines  the  same  equations  in  English  units.  The  minimum  lateral  separation  dis¬ 
tance  between  a  runway  and  taxiway  centerlines,  D]at>  >s  {xovided  in  REDIM  as  a  getunet- 
ric  check  to  see  whether  particular  nimoff  is  feasiUe  for  a  given  distance  between 
centeriines,  provided  by  the  user.Note  that  for  stxne  geometries  two  values  of  Diat 
ate  usually  provided  since  the  minimum  lateral  space  requirement  could  be  dictated  by 
either  the  lead-mit  geometry  or  by  the  “double  badt"  geometry  if  (ueseix.  Tiking  as  an 
examine  the  standard  30  degree  acute  angle  geometry  it  is  seen  that  a  minimum  separatitm 
between  runway  and  parallel  taxiwi^  centerlines  is  1S9  m.  (S21  ft)  if  a  dou^  back 
geometry  is  us^  and  a  transport  airc^  classified  in  design  group  IV  as  critical  design 
vehicle  (see  TaUe  4.4).  Using  the  same  critical  aircraft  tiie  minimum  lateral  separation 
between  runway  and  taxiway  centerlines,  from  a  geometric  stand  point  alone,  without  a 
douUe  back  is  106  m.  (349  ft).  The  second  distance,  however,  would  violate  existing 
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4.2  Runway  Longttudinal  Constraints 


FAA  separation  criteria  which  for  this  type  of  vehicle  requires  122  m.  (400  ft.)  as  tire  min¬ 
imum  Dial.  Table  4.4  contains  radii  dimensions  pertaining  to  each  aircraft  design  group 
classification  as  well  as  accepted  FAA  separatim  criteria  used  in  airport  design.  These 
values  are  used  with  equations  contained  in  Tables  4.2  and  4.3.  Note  that  for  a  wide  throat 


TABLE  4.2  Geometric  Characterization  of  Existing  Runway  Itimoffs  (Metric  System). 


Tiimoff 

Longitudinal  Space  (D^ _ in  meters 

Minimum  Lateral  Space  (D|Bt) 

90  Deg.  Angle 

R*  + 137.2 

R  +  76.2 

45  Deg.  Angle 
(e=45) 

244  (sin  0)  +  37  (sin  0)  +  [Da,**  -  DiJ  /  tan  0 

244  (1- cos  0)  + 37(1- cos  0) 

30  Deg.  Angle 
(0=30) 

549  (sin  0)  +  244  (sin  0)  +  [Du,  -  DiaJ  /  tan  0  +  61 

549  (1-  cos  0)  +244  ^1-  cos  0) 
or 

R  (1+  cos  0)  +  73.5 

30  Deg.  Arigle  with  427 
m.  Spiral  Curve 
(0=30) 

244  (sin  0)  +  [D^,  -  DiJ  /  tan  0  +  415 

244  (1- cos  0)  + 73.5 

cr 

R  (1+  cos  0)  +  73.5  (double  back) 

“Wide  Throat" 

R®  +  300 

122 

a.  R  varies  according  to  the  aircraft  design  group  classificatkm  (see  Table  4.4). 

b.  Da,  is  the  distance  from  runway  to  taxiwi^  centerlines. 

c.  R  varies  from  122  m.  to  32  m.  depending  upon  Da,  (see  Table  4  J  for  suggested  values) 


TABLE  4.3  Geometric  Characterization  of  Existing  Runway  liimoffs  (English  System). 


TUmofT 

Longitudinal  Space  (Di _ g)  in  feet 

Lateral  Space  (Dia,)  hi  feet 

90  Deg.  Angle 

R*  +  450 

R  +  250 

45  Drg.  Angle 
(0=45) 

800  (sin  0)  +  120  (sin  0)  +  [D^**  -  Dj^J  /  tan  0 

800  (1- cos  0)+ 120  (1-cos  0) 

30  Deg.  Angle 
(0=30) 

1800  (sin  0)  +  800  (sin  0)  +  [Dq,  •  Dj^J  /  tan  0  + 

61 

1800  (1- cos  0) +800  (1- cos  0) 
or 

R  (1+  cos  0)  +  241  (double  back) 

30  Deg.  Angle  with 

1400  ft  Spiral  Curve 

800  (sin  0)  +  [Da,  -  Du,]  /  tan  0  +  1360 

8OO(l-cos0)  +  241ar 

R  (1+  cos  6)  +  241  (double  back) 

“Wide  Throat” 

R*  +  984 

400 

a.  R  vvies  according  to  die  afrcraft  design  group  dassiTication  (seeTaMe  4.4). 

b.  Db,  is  the  diaunce  from  runway  lo  taxiwqr  centerlines. 

c.  R  varies  from  40b  ft  to  170  ft  depending  upon  D^,  (see  Table  4.3  for  suggested  values) 
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geometry  values  of  ending  radii.  R  are  suggested  in  Table  4.S.  These  values  were  derived 
horn  an  original  wide  throat  geometry  with  a  122  m.  (400  ft)  distance  between  center- 
lines.  The  values  in  Table  4.5  reflect  a  discrete  radii  tqiering  between  a  122  m.  (400  ft) 
radius  corresponding  to  a  167  m.  lateral  separation  distance  between  runway  and  taxiway 
centerlines  to  a  52  m.  (170  ft.)  radius  whenever  Dqw  exceeds  213  m.  (700  ft).  Appendix  A 
shows  in  detail  the  geometries  associated  with  this  turnoff. 


TABLE  4.4  DimoffT  Parameters  for  Various  Aircraft  Design  Groups  and  Approach  Categories  C 

andD[FAA,  1989]. 


Parameter 

Group  I 

Group n 

Group  in 

Group  rv 

Group  V 

Group  VI 

Radius,  R  (myft.) 

(23/75) 

(23/75) 

(31/100) 

(46/150) 

(46/150) 

(52/170) 

Fillet  Radius 
(mVft.) 

(18/60) 

(17/55) 

(17/55) 

(24/80) 

(26/85) 

(26/85) 

FAA  Separation  Dis¬ 
tance  to  Taxiway  Cl 
(myft) 

120*  (400) 

120(400) 

120(400) 

120(400) 

12(y»(400) 

180(600) 

a.  The  Federal  Aviation  Administration  advisoy  circular  150/5300-13  rounds-oft  distances  to  those 
shown  in  this  table. 

b.  This  standard  iq)plies  to  airport  elevations  kss  than  410  m.  (1345  ft.).  Increase  to  135  m.  (450  ft)  for 
airfield  elevations  between  410  m.  and  2000  m.  (1345  -  6560  ft)  and  ISO  m.  (500  ft)  for  airfield  eleva¬ 
tions  above  2000  m.  (6560  ft). 


TABLE  4.5  Recommended  Lead-out  Radii  for  Wide  Throat  Geometry. 


Dow  m.  (ft) 

<168(550) 

168  - 191 

192-  213 

>213 

(550-625) 

(625  -  700) 

>700 

Radius  m  (ft) 

122(400) 

91(300) 

61(200) 

52  (170) 

43  Characterization  of  K  'i^DEVf  Generated  'nirnoff  Geometries 


The  characterization  of  REDIM  generated  turnoff  geometries  is  executed  tlmaigh  continu¬ 
ous  simulation  of  the  aircraft  trajectory  until  the  aircraft  has  reached  the  tangency  poiiit  of 
the  lead-out  turn  segment  Figure  4.16  illustrates  gemnetrically  the  inocedures  to  estimate 
Djo,^  and  D^at  for  a  generalized  REDIM  turnoff  trajectory.  Equations  4.1  through  4.6 
also  ^ly  in  this  case  and  thus  are  integrated  forward  in  time  to  describe  the  full  turnoff 
trajectory  accounting  for  aircraft  inertia  and  nose  gear  side  frictitm  coefficient  constraints. 
Using  this  procedure  a  variable  radii  of  curvature  getmetry  results  and  thus  it  is  necessary 
for  every  aircraft  to  be  treated  independoitly  for  this  anal^s.  Since  die  conflict  resolution 


4.4  lUrnoff  Conflict  Roaolutlon  Procoduras 


only  applies  for  the  improvement  and  design  cases  and  is  usually  executed  prior  to  the 
optimization  procedures  it  is  necessary  to  determine  D|oi»  and  in  tenns  of  a  critical 
aircraft.  The  critical  aircraft  is  usually  determined  from  ^  aircraft  mix  selected  by  the 
user.  Once  a  critical  aircraft  is  found  the  continuous  simulation  procedure  is  execut^  to 
derive  unique  values  for  Diong  and  Dut- 

4.4  'Hirnoff  Conflict  Resolution  Procedures 


Once  the  characterization  of  a  turnoff  has  been  made  in  tenns  of  its  minimum  lateral  and 
longitudinal  space  requirements  it  is  possible  to  establish  rules  to  verify  whether  or  not 
two  adjacent  turnoff  geometries  will  conflict  with  each  other.  The  proc^ure  is  executed 
only  for  the  design  and  improvement  cases  as  these  two  program  run  modes  require  the 
user  to  select  a  number  of  exits  to  be  constructed  on  an  existing  or  new  runway.  Figure 
4.17  illustrates  possible  scenarios  where  neighboring  turnoff  geometries  could  become  a 
potential  problem. 

Figure  4.17(a)  represents  a  generalized  existing  runway  with  two  exits,  i  and  (i-t-1)  located 
dj  arKl  d2  from  runway  threshold.  Each  exit  is  diaracterized  by  longitudirud  dimensions 
Dio,^  (i)  and  (i.^1).  respectively.  A  distance  denoted  as  D.«.;i.hu  is  available  for  con¬ 
structing  a  new  rtpd  runway  gemnetry.  Note  that  the  control  points  defining  distance 
^available  ^  ^  intersection  point  of  the  tangent  of  exit  (i)  plus  a  small  distance  called 
e^un  and  the  ending  point  of  tte  neighboring  exit  (i+l)  designated  If  the  user  wants  to 
add  new  rapid  runway  exits  to  this  scenario  the  program  estimates  D.v,.i.h,  for  every  pair 
of  adjacent  exits  in  order  to  estimate  which  gaps  are  feasible  to  place  a  new  exit  geometry 
with  user  defined  parameters  and  0.  The  reader  should  ret^  that  a  user  has  alreaoy 
specified  turnoff  exit  parameters  such  as  exit  and  final  speeds  for  new  exits  vriuch  are  used 
to  characterize  each  possible  new  mmoff  to  be  constructed. 

Once  the  longitudinal  characterization  of  candidate  turnoffs  has  been  completed  resulting 
in  a  ^cific  D|o„g  for  die  new  candidate  turnoff  geometry  this  distance  is  compared  with 
D^vaiubie  ^  ascertain  which  runway  “gtqis”  are  feasible  candidates  to  locate  carnal  turn¬ 
offs.  Figure  4.17(b)  illustrates  a  possible  rapid  runway  exit  designated  Exit  (i)  located 
between  exits  (i-1)  and  (i+l)  with  characteristic  length  (j).  Note  from  tiiis  figure  that 
a  distance  called  Ad  represents  the  range  of  possible  locatitms  for  exit  (i)  in  order  to  avoid 
conflicts  with  neighboring  exits  (i-1)  and  (i+1).  This  procedure  udien  apfflied  to  the 
improvement  case  scenario  reduces  the  ranges  of  feasiUe  solutions  substantially  thus 
reducing  the  computational  effort  in  the  optimization  procedure. 

Figure  4.17(c)  illustrates  an  unfeasible  turnoff  placement  scenario  where  tiie  new  turnoff 
(i)  clearly  exceeds  the  distance  available  for  turnoff  locatitms  between  exits  (i-1)  and 
(i-fl).  Note  that  two  overlapping  segments  denoted  Adj  and  Ad2  arise  in  this  case  tiws 
making  die  placement  of  exit  0)  impossible  within  the  longitudinal  qiace  limitations 
shown.  Possible  courses  of  action  to  follow  would  be:  1)  to  reduce  the  design  qieed  for 
exit  (i)  in  order  to  ^rten  the  loigth  D|o,».  2)  to  increase  the  exit  angle  in  order  to  also 
reduce  the  longitudinal  distance  taken  by  die  turnoff,  and  3)  to  close  one  of  the  standard 
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4.4  lUmoff  Conflict  ftesolutlon  Procoduros 


90  degree  turnoff  geometries  thus  allowing  the  placement  of  the  rapid  runway  turnoff  (i). 
Obviously,  each  alternative  presents  some  problems  that  should  be  carefully  evaluated  by 
the  analyst 


CHAPTER  5 


REDIM  2.0  Software 
Package 


This  chapter  describes  the  software  package  developed  as  part  of  this  researdi  project 
The  model  described  here  is  termed  Runway  Exit  Design  Interactive  Model  version  2 
(REDIM  2.0).  The  model  can  be  run  cm  any  IBM  or  compatible  computer  with  EGA 
grai^c  capabilities.  Due  to  die  intensive  computations  related  with  the  stochastic 
event  generation  and  optimizatimi  procedures  of  the  program,  a  computer  with  an 
INTEL  80286  microprocessor  and  a  math  coprocessor  constitute  the  minimum 
desired  configuratiotL  REDIM  2.0  will  run  in  madiines  not  having  a  tr  orocessor 
but  the  ruruiing  times  are  considerably  larger  than  those  equipped  wi  Ji  cofao- 
cessor. 


5.1  Model  Structure 


REDIM  2.0  structure  is  depicted  graphically  in  Ftgure  5.1.  The  model  is  comivised  of 
four  well  defined  modules:  1)  Input,  2)  Simulation,  3)  Optimization  and  4)  Output 
The  modules  interact  with  three  dau  files  containing  aircraft  rdated  infiormation 
(master  and  working  files)  and  an  ouqrut  file  generated  after  the  end  of  eadi  run.  The 
following  paragraphs  describe  in  some  detail  the  peculiarities  of  each  module  and  the 
ir^t/output  structure  of  the  program. 


5.2  Main  Menu 


The  "Main  Menu"  i^hKxd  at  the  top  level  of  the  flow  chart  has  five  modes:  1)  "Edit", 
2)  "Analysis",  3)  "Output",  4)  "Prim",  and  5)  “(}uit".  The  Main  Menu  always  qtpears 
at  the  top  of  the  ctmiputer  screen.  The  ‘edit’  mode  invokes  the  procedures  of  Input 
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ncuRE  5.1  REDIM  2.0  Modular  Breakdown. 


Module,  wtwre  the  user  may  edit  die  Data  Rle  or  Master  Hie.  The  ‘analysis’  mode 
invokes  the  analysis  pioc^uies.  REDIM  2.0  provides  four  Qpes  of  analyses: 
‘design,’  ‘improvonent,’  ‘evaluation’  and  ‘individual.’  The  ‘output’  mode  ctHuiects 
the  user  with  ou^t  module  where  the  user  may  view  the  various  ouqwt  screens. 


53  Input  Module 

The  Input  Module  comprises  a  series  of  interactive  screens  that  allow  the  user  to  iiqiut 
and  edit  data  necessary  for  the  analysis  poititxi  of  the  fUDgram  O-c.  Simulation  and  Op- 
timizatitm  Modules).  This  module  is  ctmtrolled  by  menus  or  key-stroke  ctmunands 
such  as  "Esc"  key. 

Input  data  is  das^fied  into  six  Ivoad  categories:  1)  analysis  type  and  related  data,  2} 
aircraft  mix,  3)  airport  operational  data,  4)  airport  envinmmental  data,  5)  runway  gra¬ 
dients  and  6)  surftiM  ccniditions.  All  of  these  ate  necessary  for  die  analysis,  and  should 
be  saved  in  a  ’Working  Data  Hie’  specified  by  the  user  with  an  arbitrary  name.  Fctfthe 
convenience  of  the  user,  ail  predefined  aircraft  dttracteristics  are  kqx  in  a  Master  Data 
Hie  named  "MASTREV.DA’F  and  are  transferred  to  the  Working  Dau  Hie  automati¬ 
cally  if  necessary. 


5.3.1  Data  Classification 


In  REDIM  2.0.  there  are  three  kinds  of  data  needed  for  analysis:  1)  iiqxit  data.  2)  con¬ 
stant  data,  aiKl  3)  calculated  data.  Among  these  kinds  of  data,  constant  data  and  calcu¬ 
lated  data  are  determined  in  the  Simulation  and  Optimizatimi  Kfodule.  Input  data  is 
provided  by  the  user  via  the  Input  Module  and  its  user-fiiendly  screens.  The  input  data 
is  classified  into  six  categories  as  mentioned  previously.  The  following  paragraphs  de¬ 
fine  the  categories  in  more  detail. 

Analysis  l^pe  and  Related  Data 

The  program  provides  the  user  with  four  choices  for  the  type  of  analysis  to  be  per¬ 
formed.  For  each  type  of  analysis,  there  are  some  specific  accompanying  data  needed 
to  execute  the  model  properly.  “Design”  analysis  a^  the  user  to  ii^xit  the  number  of 
new  exits,  the  lateral  distaiure  between  the  runway  and  the  parallel  taxiway,  die  exit  an¬ 
gle,  the  speed  at  foe  junction  of  exit  and  taxi  way  aiKl  the  exit  ^)eed  of  each  aircraft  cat¬ 
egory.  “Evaluation”  analyas  requires  the  information  on  the  existing  exit  configuration 
including  the  number  of  existing  exits,  foe  locations  and  the  types,  the  er  speed  for 
each  existing  exit  and  availability.  For  the  “improvemertt”  arudysis,  the  l  nas  to  in¬ 
put  all  the  data  above.  The  “irxUvidual”  mode  requires  only  the  aircraft  type  and  surface 
condidoa 

Aircraft  Mix 

In  this  category,  the  percentages  of  foe  aircraft  comprising  the  airport  population  mix 
are  included,  llie  maximum  number  of  aircraft  for  a  mix  is  restricted  as  t<  -^ty  because 
this  number  seems  to  be  a  practical  limit  and  because  foe  memory  req  ntsofthe 

software  should  not  exceed  64(^  dictated  by  the  DOS  operating  syste 

Airport  Operational  Data 

In  this  category,  the  ftee  roU  time  between  foe  touchdown  and  the  beginning  of  braking, 
the  ftee  roll  time  between  the  end  of  braking  and  the  beginning  of  turn  off  are  included. 
A  safety  factor  for  the  impending  skidding  condititm  is  also  part  of  fois  category. 

Airport  Environmental  Data 

The  following  parameters  are  included  in  this  categoiy:  wind  qpeed,  wind  direction, 
airport  elevation,  airport  temperature,  runway  orientatiem  and  runway  width.  This  will 
affect  the  optimal  placement  of  turnoffs,  since  they  have  effect  on  airport  landing  roll 
performance. 

Runway  Gradient 

In  this  category,  runway  length,  and  the  effective  gradient  for  evoy  one  trafo  of  run¬ 
way  are  included.  The  runway  gradiem  affects  the  effective  aircraft  deceleration  used 
in  the  kinematic  equations  of  motion.  This  effect,  alfoough  small  for  landing  opera- 
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tions,  is  considered  for  the  sake  of  model  completeness 
Weather 

The  relative  frequency  of  dry  and  wet  runway  surface  conditions  are  included  in  this 
category.  The  percentages  should  reflect  the  e:q)ected  conditions  predominant  a  the 
aiipoit  facility. 

S32  Data  Input  Method 


In  the  Input  Module,  there  are  three  different  input  methods  used;  1 )  menu  input,  2)  line 
input,  and  3)  table  input.  Menu  input  arises  when  the  user  selects  his  choice  amtmg  the 
list  displayed  on  die  screen  using  die  arrow  keys  and  enter  key.  The  flow  in  the  program 
is  controlled  by  the  menu  input  method.  The  main  menu,  e^t  menu  for  working  data 
file,  edit  menu  for  master  data  file,  selection  of  a  analysis  type,  etc.  are  die  examides  of 
the  menu  input  method.  Line  input  occurs  when  the  user  puts  a  numerical  value  like 
runway  length  or  a  string  datum  like  a  data  file  name  at  the  position  specified  on  a 
screen.  The  user  inputs  file  names  (data  and/or  output  file),  the  number  of  exits,  etc.  us¬ 
ing  this  method.  Table  it^ut  is  similar  to  line  input  However,  table  irqut  is  used  in  or¬ 
der  to  get  several  numerical  data  on  the  same  screen,  while  line  input  is  used  in  order 
to  get  one  numerical  or  string  datum  on  a  line.  By  the  table  input  method  die  user  irqxits 
aircraft  mix  data,  exit  speeds  etc. 

5.3J)  Procedures  in  Input  Module 


If  the  user  selects  ‘Edit’  from  the  Main  Menu,  the  inogram  shows  die  user  ‘Edit  Menu’ 
which  offers  the  user  with  two  choices:  ‘Edit  Data  File’  and  ‘Edit  Master  File.’ 

Editing  the  Data  File 

This  portion  of  the  program  allows  the  user  to  modify  existing  data  file.  If  the  user 
selects  this  mode  from  the  Edit  Menu,  the  list  of  die  data  categories,  which  are 
explained  in  Section  S.3.1,  are  shown  on  the  screen.  The  user  may  select  one  from  die 
list,  and  then  modify  the  values  of  data  items  in  that  category. 

Editing  the  Master  File 

While  the  function  of  "Edit  Data”  mode  is  editing  the  working  data  file,  die  function  of 
"Edit  Master  Hie"  is  editing  the  master  data  file  which  keeps  die  aircraft  names  and 
their  geometric  characteristics.  If  "Edit  Master  Hie”  mode  is  selected,  the  Edit  Moiu 
for  master  dau  file  appears.  In  this  menu,  there  are  two  dioioes:  1)  "Add  a  New  Air¬ 
craft"  and  2)  "Change  sraie  Specific  Data.”  If  the  user  chooses  die  first,  he/!die  has  to 
select  one  out  of  five  aircraft  eateries  (TERPS  A-E)  and  input  the  new  aitaaft  name. 
Then  a  screen  for  editing  aircraft  characteristics  appears.  If  the  user  opts  fiv  die  second 
choice,  he/she  has  to  seleaone  aircraft  category  and  one  aircraft  name  included  in  the 
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category  selected.  Then  a  screen  for  editing  aircraft  characteristics  tqrpeais. 

5.4  Analysis  I^pes  and  Their  Input/Output  Relationships 


As  stated  eailier,  the  user  can  select  raie  of  four  types  of  analysis:  1)  design  of  a  new 
runway  system,  2)  improvetnent  of  an  existing  runway  system,  3)  evaluation  of  an  ex¬ 
isting  runway  system  and  4)  analysis  of  individual  aircraft  laruling  performance. 

The  'design'  option  assumes  a  hypothetical  situation  with  no  exits  on  the  runway.  The 
number  of  new  exits  and  the  design  exit  speed  for  each  aircraft  category  are  ir^ts  for 
this  type  of  analysis.  The  results  are  1)  optimal  exit  locations,  2)  aircraft  assignment  to 
the  new  exits,  3)  the  weigftted  average  ROT  udiich  is  minimized  by  the  optimal  exit 
locations,  and  4)  turnoff  geometries  of  the  exits. 

The  'improvement'  option  assumes  that  a  few  exits  would  be  added  to  an  existing  run¬ 
way.  This  arudysis  requires  the  number  of  new  exits  which  will  be  constructed  and  all 
information  on  the  existing  exits,  which  includes  1)  the  number  of  existinr  "r  its,  2)  the 
locations  and  types  of  existing  exits  and  3)  availability  of  existing  exits.  Th  resign  exit 
speed  for  each  aircraft  category  is  also  required.  The  results  are  similar  m  nature  to 
those  of  the  'design'  optioa  The  only  difference  is  that  this  option  takes  into  accoum 
the  existing  exits  as  well  as  the  new  exits  for  aircraft  assignment 

The  purpose  of  ‘evaluation’  option  is  id  estimate  the  average  ROT  of  a  given  aircraft 
mix  assuming  only  existing  exits  are  utilized.  All  information  on  the  existing  exits  are 
required  for  this  analysis.  The  aircraft  assignmem  to  the  existing  exit  and  >*ie  resultam 
average  ROT  are  the  major  miqxits  of  this  analysis,  while  the  usermay  ne  geom¬ 

etry  of  the  existing  exits. 

The  ‘individual’ option  is  added  in  Phase  II  research  for  arudyzing  the  lai  ;  behavior 
of  an  aircraft  in  more  detail.  The  aircraft  type  and  surface  condition  are  the  ir^ts  for 
this  analysis.  The  five  percentile  values  (95%,  90%,  80%,  70%  and  50%)  of  landing 
distance  and  ROT  are  the  found  for  six  exit  speeds. 

5.5  Computational  Modules 


The  Simulation  Module  and  the  Optimizatitm  Module  are  the  collections  of  subrou¬ 
tines  made  for  computations.  These  computational  modules  are  reqxmtiUe  for  the 
aircraft  laruling  roll  dyruunic  simulation  so  as  to  generate  turnoff  locations  ftMr  eadi 
aircraft  and  the  dyruunic  progratxuning  q;)timization  so  as  to  decide  the  exit  tocations. 
For  example,  the  Simult^on  Module  involves  the  subroutines  for  aircraft  dynamics 
and  the  subroutines  for  random  number  generation  from  die  truncated  normal  distri¬ 
bution.  The  OptimizatitHi  Module  includes  the  subroutines  for  exit  candidae  genera¬ 
tion  and  for  tte  dyruunic  programming  algorithm.  The  details  of  these  conqrutations 
ate  described  in  duqrters  2  and  3. 
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5.6  Output  Module 


The  function  of  the  OuQHit  Module  is  to  present  the  analysis  results  in  gn^Mcal  fonn 
or  tabular  fonns.  Three  types  of  analysis,  ‘design*.  ‘imiuDvement’  and  ‘evaluaticm’ 
share  the  same  formats  of  the  ouqmt,  which  are  ‘Aircraft  Assignmem  and  ROT 
Table,’  ‘ROT  Statistics,*  ‘Exit  Locations,*  ‘Exit  Centerline  Comparison,*  and  ‘Exit 
Geometry.*  The  ‘Aircraft  Assignment  and  ROT  Table*  shows  exit  utilizations  of  each 
aircraft  type  and  the  corresponding  ROT’s.  The  ‘ROT  Statistics*  ^ws  the  average 
ROT  for  each  aircraft  type  and  the  grand  average  ROT  of  the  aircraft  mix  in  a  bar 
chart  format  The  ‘Exit  Locations*  presents  the  runway  and  the  taxiway  and  the  exits 
grai^iically  on  a  scale.  The  ‘Exit  C^nteriine  Comparison*  plots  the  x-y  coordinates  of 
turnoff  centerlines  of  the  exits  selected  by  the  user  on  a  scaled  plane.  Hie  ‘Exit  Gemn- 
etry*  shows  the  complete  geometry  and  the  specifications  of  the  exits  selected  by  the 
user. 

The  fourth  type  of  analysis  (‘individual*)  has  only  a  form  of  output  where  the  deceler¬ 
ation  distances  and  ROT’s  of  an  airoaft  type  are  presented  for  six  differem  exit  speeds 
and  for  five  percentile  values.  Here,  the  percentile  value  means  the  proportions  of  air¬ 
craft  landings  to  execute  a  turnoff  at  a  given  exit  location. 

5.7  Working  Data  File 


REDIM  2.0  relies  upon  user  selected  information  detailing  the  airport  environmental 
and  operational  features  as  well  as  (Hi  aircraft  data  ctmtained  in  the  Master  Dau  Hie. 
Since  it  is  likely  that  many  users  would  like  to  incorporate  their  own  data  under  sev¬ 
eral  runway  scenario  (xxxUticRis  the  provisicm  of  a  Working  Data  Hie  is  necessary  to 
avoid  critical  changes  to  the  Master  Dau  File  siq^lied  with  the  program.  Once  the 
user  irqaits  the  aircraft  mix  dau,  pertinent  aircraft  dau  is  duplicated  from  the  Master 
Dau  File  to  a  user  Warking  Dau  Filefvery  run  is  then  executed  using  the  Working 
Dau  Hie  finom  which  mcxlifications  can  be  carried  out. 


5.8  Master  Data  File 


The  Master  Dau  File  contains  aircraft  characteristics  necessary  to  execute  the  simidi- 
fied  aircraft  landing  simulation  procedures  used  in  REDIM  2.0.  The  dau  file  lists  air¬ 
craft  parameters  used  in  the  intenud  computations.  Among  these  are;  wing  span,  empty 
opetati(Hial  weight,  load  on  main  gear,  maximum  landing  weight,  wdieelbase,  etc. 


5.9  Printing  a  Summary  Report 


REDIM  2.0  provides  the  user  with  a  sununary  rqwrt  ctmuining  rdevant  ii^  and 
output  dau  at  the  touch  of  a  single  keystroke.  This  printout  can  be  obtained  from  the 
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Main  Menu  or  the  Ou^t  Module.The  oiganization  of  the  summary  report  is  shown  in 
Table  5.1. 


TABLE  5.1  REDIM  2.0  Summary  Report  Contents. 


Report  Section 

Sub*Section 

Remarks 

I)  Input  Data  Summary 

LI)  Analysis  lype  and  Existing  Exits 

Contains  locadons,  type  and  entry 
speed  parameters  of  every  turnoff 
modeled  in  the  current  scenario 

1.2)  Aircraft  Mix  and  Aircraft  Char¬ 
acteristics 

Summarizes  aircraft  population  mix 
entered  fix  current  scenario  and  the 
aircraft  characteristics  extracted  from 
the  working  data  file 

1.3)  Airfield  Operational  Data 

Lists  current  values  fix  skid  safety 
fiuxor  and  die  desired  minimum  sq>- 
aradon  between  adjacen.  noff 
locations 

1.4)  Environmental  Data 

Contains  values  wind  speed,  run¬ 
way  orientation,  temperanire  and 
runway  width  used  in  current  run 

I.S)  Runway  Gradients 

Lists  for  every  tenth  of  runway 
length  the  lot^  horizontal  gradient 

n)  Analysis  Results 

n.l)  Average  ROT 

Lists  the  weighted  a\  mway 

occupancy  time  obta.  the  cur¬ 

rent  tun 

II.2)  Aircraft  Assignment/ROT  Table 

Assigns  aircraft  percentages  to  evmy 
exit  location  for  every  runway  sur- 
fine  condition 

n.3)  Turnoff  Centmline  Geometries 

Lists  X- Y  coordinates  tff  every  new 
or  existing  turnoff  geometry 

5.10  Print-Screen  Output  Capabilities 


In  order  to  convey  mdre  information  to  the  user  REDIM  2.0  incorporates  two  fast 
assembly  language  routines  to  capture  any  ou^t  scremi  ttiat  needs  to  be  printed.  The 
model  provides  otdy  two  types  of  printer  drivers  at  this  time  one  for  HP-compadUe 
laser  printers  and  another  tme  for  Epson  compatible  dot  matrix  printers.  Ou^ut 
screens  can  be  readily  obtained  while  the  user  is  reviewing  the  output  module  screens. 
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5.11  Model  Computational  Aspects 


In  order  to  provide  good  measures  of  dispersion  in  REDIM  2.0  the  model  is  executed  over 
five  trial  sets  using  randomized  seeds  and  twenty  replications  per  trail  per  aircraftMinway 
surface  condition.  This  implies  that  every  aiiciaftMmway  surface  condition  combination 
is  actually  executed  one  hundred  times  in  order  to  get  good  estimates  of  the  probability 
density  fiinction  describing  the  aircraft  landing  roll  kinematic  behavior  The  most  inten¬ 
sive  computatiorud  algorithm  in  REDIM  2.0.  however,  is  die  t^rtimization  of  exit  loca¬ 
tions  omsuming  approximately  80%  of  the  CPU  time  needed  to  execute  a  typical  analysis. 
The  reader  should  he  aware  that  the  computational  effort  varies  dramafically  with  die  var¬ 
ious  factors  such  as  the  nmmode  selected  (e.g..  design,  improvement  or  analysis  of  run¬ 
ways),  the  number  of  exits  selected,  the  runway  length,  and  the  mix  index.  The  most 
prominent  factor  being  the  run  mode  selected.  The  design  mode  is  the  most  computation¬ 
ally  intensive  of  all  running  modes  available  in  REDIM  2.0  as  this  mode  deals  with  the 
optimal  placement  of  turnoffs  on  a  new  runway  where  usually  no  longitudinal  constraints 
have  beat  specified. 


5.12  Hardware  Requirements _ 

Suggested  hardware  requirements  to  model  realistic  runway  scenarios  with  REDIM  2.0 
ate  as  follows: 

•DM  or  compatible  personal  computer  with  a  80286  or  80386  microprocessexs 

•A  math  coprocessor 

•EGA  or  VGA  color  monitor 

•HP  laser  printer  or  Epson  FX-80  dot-matrix  ptintm’ 

•1  MB  minimum  of  Random  Access  Memory 

Due  to  the  intensive  computations  during  the  optimization  and  dynamic  simulation  proce¬ 
dures  using  a  Monte  Carlo  simulation  ^rproach  a  math  coprocessor  is  highly  recom¬ 
mended  as  it  will  speed  up  the  computation  time  by  a  factor  of  2  (typically).  A  computer 
using  the  80386  microprocessor  is  hi^y  recomm^ed  as  this  will  also  reduce  the  com¬ 
putational  time  substantially. 
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REDIM  Applications 


This  chi^r  deals  with  specific  aj^lications  of  REDIM  2.0  to  six  ninways  located  at  six 
aiipotts  around  the  United  States.  Aitpoits  selected  for  fiiis  study  were:  1)  Philadelphia  In¬ 
ternational  (Camden),  2)  Baltimore  Washington  International  (BWI),  3)  Boston  Logan  In¬ 
ternational.  4)  Washington  National,  5)  Koinedy  International  and  6)  Newark  Airports. 
These  airports  were  selected  by  FAA  as  rqrresentative  triplications  were  REDIM  could 
payoff  as  a  runway  turnoff  location  and  design  tool  The  analysis  was  aimed  at  a  selected 
runway  at  each  airport  with  the  intentitm  to  evaluate  the  predictive  capabO  f  REDIM 
2.0  as  well  as  to  test  possible  improvements  to  existing  facilities  in  order  t  c  runway 
occuparrey  time. 


6.1  Philadelphia  International  Airport 


niiladelphia  International  Airport  has  2  dosely-spaced  runways  oriented  East-West  (09- 
27)  and  an  intersecting  runway  oriertted  near  a  North-South  direction  (17-35).  Hgure  6.1 
illustrates  a  simple  schematic  of  the  currem  facility.  Runway  17-35  is  of  particular  interest 
at  this  airport  for  our  analyas.  This  runway  has  a  length  of  1664  m.  (5640  ft)  and  width  of 
46  m.  (150  ft)  and  serves  primarily  general  aviation  operations.  The  layout  shown  in  Fig. 
6.1  illustrates  cleariy  die  position  of  the  main  and  general  aviation  terminals. 

TaUes  6.1  and  6.2  list  the  existing  turnoff  locations  for  runways  17  and  35,  reflectively 
including  the  type  of  exit  and  their  associated  exit  design  fieeds  according  to  well  accepted 
standards.  Table  6.3  contains  pertinent  information  regarding  the  aircraft  pt^xilatiai  mix 
used  in  this  analysis.  It  should  be  emphasized  that  all  operations  assumed  for  this  runway 
are  those  of  business  jets,  commuter  and  general  aviation  aircraft 

Table  6.4  illustrates  typical  runway  occupancy  time  results  in  an  asdgnment/ROT  table  for- 
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mat  This  table  contains  individual  aircraft-type  lunway  occupancy  time  (ROT)  for  two  dif¬ 
ferent  airfield  surface  conditions,  dry  and  wet.  Percentages  shown  in  this  table  represent  the 
percent  of  aircraft  of  type  i  that  will  exit  dirough  nmway  exit  j  and  surface  condition  k  as 
shown  in  the  table,  lb  illustrate  this  point  consider  the  case  of  a  small  general  aviation  air¬ 
craft  such  as  a  Cessna  172.  According  to  Table  6.4  (me  hundred  percent  of  the  vehicles  of 
this  type  will  take  exit  2  (labeled  W)  located  690  meters  from  runway  threshold  17. 


TABLE  6.1  TUmoff  Data  for  Runway  35  at  Philadelphia  International. 


Ikxiway  No. 

Taxiway 

Location 

Taxiway  TVpe 

Design  Speed 

Designatkm 

m.(ft) 

(Degrees) 

mys.  (m.p.h.) 

1 

A 

406(1332) 

90 

8  (17.8) 

2 

E 

731  (2397) 

45 

17.9(40) 

3 

W 

975  (3196) 

>90 

6.7  (15.0) 

4 

H 

1056(3462) 

60 

8  (17.8) 

5 

K 

1584(5194) 

90 

8  (17.8) 

6 

L 

1644(5393) 

90 

8  (17.8) 

TABLE  BJ2  Tiimoff  Data  for  Runway  1 7  at  Philadelphia  International. 


Taxiway  No. 


1 

2 

3 

4 

5 


Tkxiway  Location 

Designation  m.  (ft) 


K 

W 

E 

A 

AA 


81(266) 

690(2264) 

974(3196) 

1299(4261) 

1644(5393) 


lixiwaylVpc 

(Degrees) 


90 


45 


45 


90 


90 


Design  Speed 
mys.  (m.p.h.) 


8  (17.8) 
17.4  (40) 
17.4  (40) 
8(17.8) 
8  (17.8) 
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6.1  Philadelphia  Intamatlonal  Airport 


HGURE  6.1  Schematic  of  Philadelphia  international  Airport  (Camden). 


3201  (14,499')  X  61  (200') 


TABLE  6.3  Aircraft  Mix  at  Philadelphia  international  for  Runway  35-1 7. 


Aircraft 

Number 

Aircraft  Type 

Percent  of  the 
Ibtal  Mix  (%) 

Aircraft 

Number 

Aircraft  Type 

"  ofthe 

x(%) 

1 

Ossna  172 

12 

6 

Cessna  SSO 

3 

2 

Cessna  208 

8 

7 

Gulsftream  IV 

2 

3 

EMB  120 

18 

8 

Beechcraft  B300 

4 

4 

Saab  340 

12 

9 

Leaijet31 

4 

5 

SW227 

20 

10 

DHC-8 

17 

TABLE  6.4  Runmiy  Occupant  Time  Results  for  Runway  35  at  Philadelphia  International  Airport 


Exit  Number 

1 

2 

3 

4 

5 

6 

ExitCod^ 

Open 

Open 

Open 

Open 

Open 

Open 

ExitLoc. 

406 

731 

975 

1056 

1584 

1644 

Exitiype 

90  Deg. 

45  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

CE-172 

DiyROT 

(%) 
Wet  ROT 
(») 

CE208 

Dry  ROT 

(%) 
Wet  ROT 

(%) 

BE-300 

Dry  ROT 
(«.) 
Wet  ROT 

(%) 

Saab  340 

Dry  ROT 

(%) 
Wet  ROT 

(%) 

SA227 

DiyROT 
(%) 
Wet  ROT 
(%) 

EMB120 

DiyROT 

(*) 
Wet  ROT 
(%) 

CE-550 

ROT 
(*) 
Wet  ROT 
(*) 
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6.1  Philadalphia  International  Airport 


TABLE  6.4  Runway  Occupanqr  Time  Results  for  Runway  35  at  Philadelphia  International  Airport 


Exit  Number 

1 

2 

3 

4 

5 

6 

Exit  Code* 

Open 

Open 

Open 

Open 

Open 

Open 

ExitLoc. 

406 

731 

975 

1056 

1584 

1644 

Exit  Type 

90  Deg. 

45  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

Leaijet-31 

Dry  ROT 

27.1 

35.0 

(*) 

(8.0) 

(92.0) 

Wet  ROT 

34.7 

613 

(%) 

(99.0) 

(1.0) 

DCH-8 

Dry  ROT 

30.7 

38.6 

(%) 

(4.0) 

(96.0) 

Wet  ROT 

384 

67.6 

(%) 

(94.0) 

(6.0) 

Gul&tream  IV 

Dry  ROT 

313 

433 

(«) 

(30.0) 

(70.0) 

Wet  ROT 

42.1 

(*) 

(100.0) 

Weighted  Average  Runway  Occupancy  Thne 

413  seconds 

a.  The  exit  code  designates  whether  or  not  a  runway  exit  is  included  in  this  analysis  run.  REDIM  2.0  offers  the  analyst  the 
option  of  retaining  aU  runway  exiu  or  just  those  selected  by  die  user. 


From  this  analysis  it  is  concluded  that  weighted  average  nmway  occupan.  *  of  41. S 
seconds  is  typical  for  this  nmway  facility.  This  value  in  fact  represents  a  goc .  .  rvice  time 
for  a  medium  size  nmway  with  a  predominantly  smaU  aircraft  populaticm.  It  can  be  seen 
from  Table  6.4  a  good  utilization  of  all  nmway  exits  widi  the  exceptiem  of  exit  S  Gocated 
at  1584  m.)  which  is  used  about  1  %  of  the  total  time  (i.e.,  combining  the  utilizatitm  of  com¬ 
muter  aircraft)  Judging  fiom  the  results  obtained  it  is  possible  to  improve  the  existing  cem- 
dition  of  this  nmway  by  adding  a  seventh  exit  between  taxiways  “hotel"  and  “kilo"  at  an 
inteimediate  position  to  reduce  the  high  ROT  values  obtained  for  some  commuter  aircraft 
under  wet  pavement  conditions.  The  addition  of  a  single  medium  speed,  forty  five  degree 
angle  geometry  between  taxiways  “hotel"  and  “kilo"  reduces  the  WAROT  value  fimn  41.5 
to  39.0  seconds.  The  location  of  this  new  taxiway 


73 


CHAPTER  6:  REDIM  Applications 


6.2  Baltimore* Washington  International  Airport 


Baltimore  Washington  International  geiKral  layout  is  shown  in  Hguie  6.2.  Runway  ISL- 
33R,  a  1S24  m.  (SOOO  ft)  general  aviation  runway,  was  selected  for  this  aiuilysis.  Tables 
and  6.6  contain  peitiiimt  runway  turnoff  information  used  in  our  arudysis.  Note  tiiat  pres¬ 
ently  four  usable  runway  exits  are  availaUe  for  both  northflow  and  southflow  operations. 
Taxiway  “Mike”  (M)  forms  an  obtuse  angle  with  the  runway  centerline  for  southflow  op¬ 
erations  arul  thus  has  been  modeled  with  some  penalty  in  the  design  exit  speed  for  runway 
ISL  use  (see  Table  6S).  Talfle  6.7  illustrates  tire  aircraft  populatitm  mix  used  in  tiiis  analy¬ 
sis.  Note  the  large  number  of  goieral  aviation,  business  and  cormnuter  aircraft  TaUe  6.8 
shows  the  assignment  table  results  obtained  using  REDIM  2.0.  The  weighted  average  run¬ 
way  occupancy  time  for  this  runway  is  52.3  seconds. 


HGURE  6.2  Schematic  of  Baltimore  Washington  international  Airport 
Runway  15L-33R. 
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6.2  Balthnora-Wishlngtonlntaniatiomil  Airport 


TABLE  6.5  TUmoff  Data  for  Runway  1 5L  at  Baltimore  Washington  Airport 


Taxiway  No. 

Taxiway 

Location 

Taxiway  Type 

Design  Speed 

Designation 

m.  (ft) 

(Degrees) 

mys.  (in.p.h.) 

1 

K 

400(1313) 

90 

8(17.8) 

2 

L 

648(2125) 

90 

8(17.8) 

3 

M 

1143  (3750) 

135 

6.7  (15) 

4 

S 

1506(4938) 

90 

8(17.8) 

TABLE  6A  Tumoff  Data  for  Runway  33R  at  Baltimore  Washington  Airport 


l^way  No. 

Taxiway 

Location 

Taxiway  Type 

Design  Speed 

Designation 

in.(ft) 

(Degrees) 

m./s.  (m.pji.) 

1 

M 

419(1375) 

45 

17.4  (40) 

2 

L 

877(2875) 

90 

8(17.8) 

3 

K 

1047(3435) 

90 

8(17.8) 

4 

J 

1506(4938) 

90 

8  (17.8) 

TABLE  6.7  Aircraft  Mix  at  Baltimore  Washington  International. 


Aircraft 

Number 

Aircraft  lype 

Percent  of  the 
Total  Mix  (%> 

Aircraft 

Number 

Aircraft  lype 

Percent  of  the 
Total  Mix  (%) 

1 

Cessna  172 

5 

7 

Cessna  550 

7 

2 

Cessna  208 

3 

8 

Grumman  rv 

3 

3 

Saab  340 

14 

9 

Cessna  650 

4 

4 

SW  227  “Metro” 

18 

10 

Leatjet31 

4 

5 

British  Aero.  31 

13 

11 

Beechcnft  B-58 

3 

6 

DeHavilland 

DHC-8 

15 

12 

Embiaer  120 

11 
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TABLE  6A  Runway  Occupancy  Time  Results  for  Runway  15L- j3R  at  BWI  International  AirpmrL 


Exit  Number 

Exit  Code* 
ExitLoc. 

Exit  Type 

1 

Open 

400 

90  Deg. 

2 

Open 

648 

90  Deg. 

3 

Open 

1143 

90  Deg. 

4 

Open 

1S06 

90  Deg. 

CE-172 

Dry  ROT 
(*) 
Wet  ROT 
(*) 

27.8 

(5i0) 

28.1 

(22.0) 

37.9) 

(48.0) 

383 

(78.0) 

- 

CE208 

Dry  ROT 
(*) 
Wet  ROT 
(*) 

32.6 
(100.0) 

32.7 
(100.0) 

BE-S8 

Dry  ROT 
(*) 
Wet  ROT 

<«) 

313 

(4.0) 

493 

(96.0) 

49.8 

(100.0) 

Saab  340 

Dry  ROT 
W 
Wet  ROT 
W 

59.8 

(11.0) 

60.4 

(74.0) 

EMB-120 

Dry  ROT 
(9fc) 
Wet  ROT 

w 

48.4 

(19.0) 

57.0 

(81.0) 

57.8 

(100.0) 

SA-227 

Dry  ROT 

(«) 
Wet  ROT 

(«-) 

46.9 

(100.0) 

473 

(100.0) 

BAe-31 

Dry  ROT 
(«) 
Wet  ROT 
(«) 

47.4 

(M.0) 

48.0 

(44.0) 

573 

ao) 

574 
(56.0) 

6.2  BaKimors-WishIngton  hitcmational  Airport 


TABLE  6.8  Runway  Occupant^  Time  Results  for  Runway  1SL*33R  at  BWI  International  Airport 


Exit  Number 

Exit  Code* 
ExitLoc. 
ExitlVpe 

1 

Open 

400 

90  Deg. 

2 

Open 

648 

90  Deg. 

3 

Open 

1143 

90  Deg. 

4 

Open 

1506 

90  Deg. 

CE-550 

Dry  ROT 
(%) 
Wet  ROT 
(*) 

483 

(100.0) 

48.6 

(100.0) 

CE-650 

Dry  ROT 
%) 

Wet  ROT 
(*) 

47.7 

(100.0) 

47.9 

(100.0) 

Leaijet-31 

Dry  ROT 
(*) 
Wet  ROT 

w 

47.0 

(100.0) 

47.4 

(100.0) 

DHC-8 

Dry  ROT 

(%) 
Wet  ROT 

(*) 

53.7 

(100.0) 

54A 

(100.0) 

G1159C 

Dry  ROT 
W 
Wet  ROT 
(*) 

41.0 

(100.0) 

413 

(100.0) 

Weighted  Average  Runway  Occupancy  Ttane  (WAROT) 

523  sec. 

a.  The  exit  code  designates  whether  or  not  a  runway  exit  is  included  in  diis  ma^rsis  run. 
REDIM  2.0  offers  the  analyst  the  option  of  retaining  all  runw^  exits  or  just  dwse  select¬ 
ed  by  the  user. 
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63  Boston  Logan  International  Airport 


Boston  Logan  International  Aiipott  has  three  main  runways  as  shown  in  Figure  6.3.  The 
runway  of  interest  in  Oils  case  is  runway  09-27  having  a  total  length  of  2134  meters  (7000 
ft.)  and  four  exit  locations  as  shown  in  Tables  6.9  and  6.10.  Table  6.11  contains  pertinem 
information  regarding  the  aircraft  mix  operating  at  this  facility.  Once  again  the  main  users 
of  this  runway  are  corrunuter  and  gener^  aviation  aircraft.  Table  6.12  illustrates  the  ROT/ 
exit  assignment  table  for  the  baseline  scenario  showing  a  weighted  average  runway  occu¬ 
pancy  time  (WAROT)  of  50.3  seconds.  Using  the  same  aircraft  mix  but  landings  on  runway 
27  the  weighted  average  ROT  value  obtained  is  49.3  seconds.  This  small  difference  is  due 
to  the  better  location  of  taxiway  “Echo”  (Le..  1423  m.  ftom  threshold  on  runway  27)  for  the 
large  corrunuter  population  used  in  the  problem. 


TABLE  6.9  TUmoff  Data  for  Runway  27  at  Logan  International  Airport 


Taxiway  No. 

l^way 

Locatimi 

TbxiwaylVpc 

Design  Speed 

Designation 

m.(ft.) 

(Degrees) 

mVs.  (m.p.h) 

1 

D 

262(860) 

45 

17.4  (40) 

2 

C 

936(3070) 

60 

8  (17.8) 

3 

E 

1423  (4666) 

30 

26.9(60) 

4 

S 

2097(6877) 

90 

8  (17.8) 

TABLE  6.10  Turnoff  Data  for  Runway  09  at  Logan  international  Airport. 


Tixiway  No. 

Ihxiway 

Designation 

Location 
m.  (ft.) 

Taxiway  Type 
(Degrees) 

Design  Speed 
tajs.  (m.p.h.) 

1 

E 

749(2456) 

>90 

6.7(15) 

2 

C 

1198(3930) 

60 

8  (17.8) 

3 

D’ 

1872(6140) 

>90 

6.7(15) 

6.3  Boston  Logan  Intsrnational  Airport 


Numbers  in  parenthesis  denote  the  taxiway  number  used  for  identification  in  the  text. 


TABLE  6.11  Aircraft  Mix  at  Boston  Logan  International  Airport 


Aircraft 

Number 


Aircraft  Type 

Percent  of  the 
Total  Mix  (%) 

Cessna  172 

8.0 

Cessna  208 

6.0 

Pqier  PA-38-112 

8.0 

Pqrer  PA-32-301 

4.0 

Aircraft 

Number 


Aircraft  Type 


SA227 


Saab  340 


CE650 


Leaijet31 


P  'll  of  the 

lix(%) 


TABLE  6.1 2  Runway  Occupancy  Time  Results  for  Runway  09  at  Boston  Logan  International  Airport 


Exit  Number 
Exit  Code* 
Exit  Loc. 
ExitlVpe 


PA-38-112 


PA-32-301 


CE-172 


CE-208 


SAAB-340 


EMB-120 


SA-227 


Dry  ROT 
(*) 
Wet  ROT 
(*) 


DiyROT 

(%) 
Wet  ROT 
W 


Dry  ROT 
(«.) 
Wet  ROT 

(*) 


Dry  ROT 
W 
Wet  ROT 
(*) 


) 

Dry  ROT 
(*) 
Wet  ROT 
W 


Dry  ROT 

W 
Wet  ROT 
(*) 


Dry  ROT 
(*) 
Wet  ROT 
W 


1 

Open 

749 

45  Deg. 


41.0 

(100.0) 

41.7 

(100.0) 


38.1 

(100.0) 

38.4 

(100.0) 


413 

(100.0) 

4^1 

(100.0) 


363 

(100.0) 

36.7 

(100.0) 


2 

Open 
1198 
90  Deg. 


3 

Open 
1872 
90  Deg. 


4 

Open 
2097 
90  Deg. 


493 

723 

(96.0) 

(4.0) 

49.7 

72.9 

(57.0) 

(43.0) 

473 

70.4 

(66.0) 

(34.0) 

482 

70.9 

(5.0) 

(95.0) 

48.0 

(9Z0) 

482 

(100.0) 


6^  Boston  Logan  Intamatloral  Airport 


TABLE  6.12  Runway  Occupanqr  Time  Results  for  Runway  09  at  Boston  Logan  International  Airport 


Exit  Number 

Exit  Code* 
ExitLoc. 
ExitlVpe 

1 

Open 

749 

45  Deg. 

2 

Open 

1198 

90  Deg. 

3 

Open 

1872 

90  Deg. 

4 

Open 

2097 

90  Deg. 

CE-6S0 

Dry  ROT 
(%) 
Wet  ROT 

W 

34.4 

(8.0) 

48.0 

(92.0) 

48.2 

(100.0) 

Leaijet-31 

DiyROT 

(%) 
Wet  ROT 
(») 

34.1 

(3.0) 

47.5 

(97.0) 

47.4 

(100.0) 

DHC-8 

DiyROT 
(*) 
Wet  ROT 

(%) 

533 

(100.0) 

53.7 

(100.0) 

Weighted  Average  Runway  Occupancy  Time  (WAROTT) 

503  secs. 

«.  The  exit  code  detignxiet  urihether  or  not  >  nmway  exit  is  included  in  this  analysU  run. 
REDIM  2.0  offers  the  inalyst  the  option  of  retaining  all  nmwi^  exits  or  just  th  -  select¬ 
ed  by  the  user. 
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6.4  Washington  National  Airport 


Washington  National  Airport  is  one  of  the  busiest  in  the  nation  considering  the  total  area 
available  for  aircraft  ground  operations.  Three  intersecting  runways  comprise  this  airport 
and  the  subject  of  this  analysis  is  runway  15-33  primarily  used  by  business  and  commuter 
operations  (see  Hgure  6.4).  Table  6.10  shows  that  runway  15-33  has  three  main  turnoffs: 
“Juliett”  (J),  “Mike”  (M)  and  “Foxtrot”  (F)  located  at  495,  1106  and  1572  meters  away 
from  threshold  15,  respectively.  For  modeling  purposes  the  intersection  of  runways  15-33 
and  18-36  has  been  considered  as  a  possible  turnoff  since  taxi  way  “India”  (I)  is  located  at 
a  short  distance  fiom  the  intersection  point  thus  making  it  possible  for  some  operations 
arriving  on  runway  15  to  exit  through  this  point  Table  6.11  lists  a  typical  aircraft  mix 
operating  at  this  facility  and  used  for  the  analysis  and  Table  6.12  summarizes  foe  assign¬ 
ment  of  aircraft  to  each  available  runway  exit  It  is  seen  from  Tkble  6.12  foat  the  expected 
value  of  ROT  for  runway  15  is  51.25  seconds.  The  WAROT  for  runway  33  increases  to 
52.8  seconds  using  the  same  aircraft  mix. 


HGURE  6.4  Schematic  of  Washington  National  Airport 


Runway  18-36 
2094  (6,870')  X  46  (ISO') 

Runway  1S-33 
1582  (5,189')  X  46  (150') 

Runwayl3-21 

1373  (4506')  X  46  (150') 
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6.4  WMhington  National  Airport 


TABLE  6.13  Tumoff  Data  for  Runway  15  at  Washington  National  Airport 


Taxiway  No. 

Taxiway 

Designation 

Location 
m.  (ft.) 

Taxiway  Type 
(Degrees) 

Design  Speed 
mis.  (ni.p.h.) 

1 

J 

495  (1624) 

45 

17.4(40) 

2 

M 

1106(3629) 

90 

8(17.8) 

3 

F 

1572(5157) 

90 

8  (17.8) 

TABLE  6.14  Tumoff  Data  for  Runway  33  at  Washington  National  Airport. 


Tlaiway  No. 

Taxiway 

Designation 

Location 
m.  (ft.) 

Taxiway  Type 
(Degrees) 

Design  Speed 
mVs.  (m.p.h.) 

1 

M 

466(1528) 

90 

8(17.8) 

2 

J 

980(3215) 

90 

8(17.8) 

3 

I 

1560(5117) 

45 

8(17.8) 

TABLE  6.1  s  Aircraft  Mix  at  Washington  National  Airport 


Aircraft 

Aircraft  Type 

Percent  of  the 

Aircraft 

Aircraft  Type 

Percent  of  the 

Number 

TbialMix(%) 

Number 

Total  Mix  (%) 

1 

Piper  PA-46-310 

2.0 

6 

Boeing  DHC-7 

10.0 

2 

Beechcraft  Be-59 

3.0 

7 

Cessna  CE  550 

5.0 

3 

Beechcraft  300 

4.0 

8 

Leaijet31 

6.0 

4 

Saab  340 

27.0 

9 

Boeing  DHC-8 

25.0 

CHAPTER  6:  REDIM  Applications 


TABLE  6.16  Runway  Occupancy  Time  Results  for  Runway  15  at  National  Airport 


Exit  Number 

1 

2 

3 

Exit  Code* 

Open 

Open 

Open 

ExitLoc. 

495 

1106 

1560 

ExitlVpe 

90  Deg. 

90  Deg. 

90  Deg. 

PA-46-31(M> 

Dry  ROT 

25.4 

W 

(100.0) 

Wet  ROT 

25.5 

533 

(%) 

(89.0) 

(11.0) 

BE-38 

Dry  ROT 

46.8 

(*) 

(100.0) 

Wet  ROT 

46.9 

(») 

(100.0) 

BE-300 

Dry  ROT 

45.8 

W 

(100.0) 

Wet  ROT 

45.7 

(%) 

(100.0) 

Sub  340 

Dry  ROT 

46.4 

613 

(*) 

(76.0) 

(24.0) 

Wet  ROT 

473 

623 

(%) 

(14.0) 

(86.0) 

EMB-120 

Dry  ROT 

45.1 

60.0 

(») 

(13.0) 

(87.0) 

Wet  ROT 

59.8 

(«) 

(100.0) 

DHC-7 

Dry  ROT 

503 

W 

(100.0) 

Wet  ROT 

45.7 

(») 

(100.0) 

CE-550 

Dry  ROT 

442 

(*> 

(100.0) 

Wet  ROT 

443 

(*) 

(100.0) 
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6.4  WMhIngton  National  Airport 


TABLE  6.16  Runway  Occupanqr  Time  Results  for  Runway  15  at  National  Airport 


Exit  Number 

1 

2 

3 

Exit  Code* 

Open 

Open 

Open 

ExitLoc. 

495 

1106 

1560 

ExitlVpe 

90  Deg. 

90  Deg. 

90  Deg. 

Leaijet-31 

Dry  ROT 

44.2 

(%) 

(100.0) 

Wet  ROT 

443 

w 

(100.0) 

DHC-8 

DiyROT 

50.0 

W 

(100.0) 

Wet  ROT 

50.4 

65.9 

(*) 

(99.0) 

(1.0) 

G1159C(GIV) 

Dry  ROT 

383 

(%) 

(100.0) 

Wet  ROT 

38.6 

(») 

(100.0) 

Weighted  Aver^  ROT  (WAROT) 

5135  secs. 

a.  The  exit  code  designates  whether  or  not  a  runway  exit  b  included  in 
diis  analysis  run.  REDIM  2.0  offers  the  analyst  the  option  of  retaining 
all  runway  exits  or  just  those  sdecied  by  the  user. 
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6.5  New  York  Kennedy  International  Airport 


New  York’s  JFK  International  Airpoit  is  at  the  heart  of  the  most  trafficked  area  in  the 
United  States.  Rimway  13R-31L.  a  4442  meter  long  runway  with  large  displaced  diresh- 
olds  on  both  sides,  was  selected  for  this  analysis.  Figure  6.S  illustrates  the  configuration 
for  runway  13R-31L  and  its  eight  exit  locations.  Tables  6.17  and  6.18  show  all  tumofif 
locations,  designators  and  turnoff  types  as  well  as  the  assumed  exit  design  speeds.  The  air¬ 
craft  population  operating  at  JP.K.  International  is  mainly  composed  of  me^um  and  large 
transport  aircraft  as  shown  in  Table  6.19.  The  runway  occupancy  time/aircraft  assignment 
table  is  illustrated  in  Table  6.20.  The  baseline  analysis  shows  an  erqrected  value  of  ROT  of 
54.3  seconds.  This  value,  although  hi^r  than  those  obtained  previously,  is  in  faa  good 
considering  the  large  proportion  of  heavy  aircraft  landing  on  this  runway. 


TABLE  6.17  TUmoff  Data  for  Runway  13R  at  Kennedy  International  Airport 


Tviiway  No. 

Tuuway 

Location 

Tuuway  lype 

Design  Speed 

Desigtuttion 

m.(ft.) 

(Degrees) 

mjs.  (m.pJi.) 

1 

C 

95(312) 

90 

8(17.8) 

2 

PA 

838(2749) 

90 

8(17.8) 

3 

N 

1417(4648) 

45 

17.4(40) 

6^  New  York  Kannady  Intamatlonal  Airport 


TABLE  6.17  Tlimoff  Data  for  Runway  13R  at  Kennedy  International  Airport 


Ikxiway  No. 

Taxiway 

LxKation 

l^wayiype 

Design  Speed 

Designation 

m.  (ft.) 

(Degrees) 

mjs.  (m.p.h.) 

4 

M 

1898  (6225) 

45 

17.4(40) 

5 

L 

2607  (8551) 

45 

17.4  (40) 

6 

KA 

3189  (10560) 

90 

8  (17.8) 

7 

Z 

4114(13493) 

45 

17.4  (40) 

8 

K 

3491  (11449) 

>90 

6.7(15) 

TABLE  6.18  Tumoff  Data  for  Runway  31 L  at  Kennedy  International  Airport 


Taxiway  No. 

Taxiway 

Location 

Taxiway  Type 

Design  Speed 

Designation 

m.  (ft.) 

(Degrees) 

mjs.  (in.p.h.) 

1 

D 

4416(14485) 

90 

8(17.8) 

2 

C 

4020(13184) 

90 

8(17.8) 

3 

A 

3305  (10842) 

90 

8(17.8) 

4 

N 

2697(8847) 

90 

S  a7.8) 

5 

M 

2141  (7025) 

90 

8  917.8) 

6 

L 

1560(5118) 

90 

8(17.8) 

7 

K 

978(3209) 

90 

8(17.8) 

8 

KA 

899(2949) 

90 

8(17.8) 

Aircraft 

Number 

Aircraft  IVpe 

Percent  of  the 
Total  Mix  (%) 

Aircraft 

Number 

Aircraft  lype 

Percent  of  the 
Total  Mix  (%) 

1 

Saab  340 

4.0 

7 

MD-82 

5.0 

2 

Airbus  A310-300 

9.0 

8 

Boeing  757-200 

3.0 

3 

Boeing  767-300 

11.0 

9 

Boeing  747-200 

14.0 

4 

FokkerF-100 

1.0 

10 

DC-10-30 

7.0 

5 

Boeing  727-200 

32.0 

11 

Lockheed  Lion 

8.0 

6 

Boeing  737-300 

5.0 

12 

DC-8-73 

1.0 

TABLE  6^  Runway  Occupancy  Time  Results  for  Runway  13L*31R  at  New  York  International  Airport 


6^  Naw  York  Kannady  International  Airport 


TABLE  6.20  Runway  Occupancy  Time  Results  for  Runway  13L-31R  at  New  York  International  Airport 


Exit  Number 

1 

2 

3 

4 

5 

6 

Exit  Code 

Open 

Open 

Open 

Open 

Open 

Open 

ExitLoc. 

95* 

838 

1417 

1898 

2607 

3189 

ExitlVpe 

90  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

90  Deg. 

B-727.200 

DiyROT 
(%) 
Wet  ROT 

w 


45.4 

(100.0) 

45.4 

(77.0) 


B-737-300 

DiyROT 

(%) 
Wet  ROT 
(%) 


45.6 

(100.0) 

453 

(99.0) 


MD-83 

DiyROT 
<%) 
Wet  ROT 

_ W 

B-757-200 

DiyROT 

(%) 

Wet  ROT 

(%) 


453 

(100.0 

453 

(88.0) 


463 

(100.0) 

46.1 

(97.0) 


B-141-4O0 


DiyROT 
(%) 
Wet  ROT 
(%) 


47.4 

59.0 

763 

(1.0) 

(98.0) 

(1.0) 

58/8 

nn 

(69/0) 

(31/0) 

1^1011 

DiyROT 

(%) 
Wet  ROT 

_ w 

DC-8-73 

DiyROT 
(») 
Wet  ROT 
(%) 


Weighted  Average  Runway  Occupancy  Hum  (WAROT) 


a.  Distances  are  measured  firom  the  runway  displaced  threshold. 
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6.6  Newark  International  Airport 


Newark  International  Airport  has  a  total  of  three  runways  with  two  dosely  spaced  parallel 
runways  oriented  North-Soudi  and  a  smaller  intersecting  East-Wsst  runway  (1 1-29)  whidi 
is  the  subject  of  this  analysis.  Figure  6.6  illustrates  a  simple  schematic  of  runway  11-29 
showing  seven  exit  locations  identified  in  Tables  6.21  and  6.22.  Runway  has  an  approxi¬ 
mate  lengdi  of  1945  m.  and  width  of  46  m.  and  serves  primarily  general  aviation,  fa^iness 
and  commuter  aircraft  operations  as  shown  in  Table  6.23.Although  primarily  a  general 
aviation  runway  the  aircraft  mix  shown  in  Table  6.23  includes  narrow  body  a  single 
wide  body  aircraft  to  iUustrate  typical  ROT  times  under  extreme  airport  operating  condi¬ 
tions  such  as  strong  crosswinds  present  on  the  primary  runways.The  weighted  average 
ROT  value  expected  for  this  population  is  around  46.3  secmrds  which  speaks  well  about 
the  availability  of  existing  exits.  Table  6.24  also  illustrates  that  REDIM  2.0  stochastic 
landing  toll  algorithms  are  sensitive  to  closely  located  exits  as  depicted  by  the  spread  in 
exit  utilization  for  the  Boeing  727-200.  Note  that  if  medium  size  transport  aircraft  were  to 
use  this  runway  exits  “sierra",  “romeo”,  “papa”,  and  “zulu”  would  be  used. 


TABLE  6.21  Tiimoff  Data  for  Runway  11  at  Newark  Airport. 


Taxiway  No. 

Taxiway 

Designation 

Location 

m. 

ft. 

■RaiWayiype 

(Degrees) 

Design  Speed 
mjs. 
ft/s. 

1 

V 

333  (1093) 

90 

8  (17.8) 

2 

U 

563(1845) 

90 

8  (17.8) 

3 

T 

800(2623) 

>90 

6.7(15) 

4 

S 

1073(3521) 

30 

8  (17.8) 

5 

R 

1185(3886) 

90 

8917.8) 

6 

P 

1303(4274) 

30 

8(17.8) 

7 

Z 

1659(5440) 

90 

8  (17.8) 

8 

N 

1925(6314) 

90 

8  (17.8) 

6.6  Newark  hitomational  Airport 


TABLE  6.22  TUmoff  Data  for  Runway  29  at  Newark  Airport 


Taxiway  No. 

Taxiway 

Designation 

Location 

in.(ft.) 

IkxiwaylVpe 

(Degrees) 

Design  Speed 
mjs.  (m.p.h.) 

1 

P 

784  (2571) 

90 

8(17.8) 

2 

R 

741  (2429) 

90 

8(17.8) 

3 

S 

859(2817) 

90 

8(17.8) 

4 

T 

1155  (3789) 

30 

26.9(60) 

5 

U 

1348(4420) 

90 

8(17.8) 

6 

V 

1584  (5197) 

30(90) 

26.9(60) 

7 

W 

1880(6168) 

90 

8(17.8) 

TABLE  6.23  Aircraft  Mix  at  Newark  Airport. 


Aircraft 

Number 

Aircraft  Type 

Percent  of  the 
'IbtalMix(%) 

Aircraft 

Number 

Aircraft  Type 

Percent  of  the 
Total  Mix  (%) 

1 

Cessna  CE  208 

2.0 

7 

Airbus  A-300-600 

1 

2 

Beechcraft  BE-  58 

2.0 

8 

Fokker 100 

3.0 

3 

Embraer  EMB-120 

13.0 

9 

Boeing  727-200 

21.0 

4 

SA'227  Metro 

15.0 

10 

Boeing  737-300 

10.0 

5 

Leaijet31 

3.0 

11 

MD-80 

17.0 
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BiiMtEiaif  11>29< 


Rimway  ii**® 

2074  (6800’)  X  46  (ISO’) 

Aviation  North  Temninal 
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6.6  Newark  Intsmatlonal  Airport 


TABLE  6.24  Runway  Occupancy  Time  Results  for  Runway  11«29  at  Newark  International  AirporL 


Exit  Number 
Exit  Code* 
ExitLoc. 
ExitlVpe 


SA-227 

Dry  ROT 
(*) 
Wet  ROT 

W 


Leeijet-31 

Dry  ROT 

W 
Wet  ROT 

(») 


DHC-8 

Dry  ROT 

(%) 
Wet  ROT 

(%) 


A-300-600 

Dry  ROT 

(%) 

Wet  ROT 

(*) 


Fokker-100 

Dry  ROT 
(%) 
Wet  ROT 
(*) 


B-727-200 

Dry  ROT 

<%) 
Wet  ROT 
(*) 


B-m-m 

Dry  ROT 
(») 
Wet  ROT 
W 


1 

Open 

333 

90  Deg. 


2 

Open 

563 

90  Deg. 


3 

4 

Open 

Open 

800 

1073 

90  Deg. 

30  Deg. 

35.6 

42.4 

(22.0) 

(78.0) 

36.4 

423 

(2.0) 

(99.0) 

5 

Open 
1185 
90  Deg. 


6 

Open 
1303 
30  Deg. 


7 

Open 
1659 
90  Deg. 
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TABLE  Runway  Occupancy  Tinie  Results  for  Runway  11*29  at  Newark  International  Airport 


Exit  Number 

1 

2 

3 

4 

5 

6 

7 

Exit  Code* 

Open 

Open 

Open 

Open 

Open 

Open 

Open 

ExitLoc. 

333 

563 

800 

1073 

1185 

1303 

1659 

Exit  Type 

90  Deg. 

90  Deg. 

90  Deg. 

30  Deg. 

90  Deg. 

30  Deg. 

90  Deg. 

MD-80 

Dry  ROT 

4^0 

44R 

47.8 

56.7 

(») 

(21.0) 

(11.0) 

(66.0) 

(2.0) 

Wet  ROT 

4^6 

47.8 

57.8 

(*) 

(1.0) 

(69.0) 

(28.(f) 

Wbighted  Average  Runway  Occupancy  Hme  (WAROT) 

463  s. 

a.  The  exit  code  designates  whedier  or  not  a  ninwi^  exit  is  included  in  this  analysis  nm.  REDIM  2.0  offers  the  analyst  dw 
option  of  retaining  all  runway  exits  or  just  those  selected  by  the  user. 

b.  One  peicait  of  the  Air^  A-310  would  take  exit  “zuIu”  located  192S  m.  from  threshold  (not  shown  in  table) 
with  an  expected  value  of  ROT  of  66.0  seconds. 

c.  Two  percent  of  the  McDonnell  Douglas  MD*80’s  would  take  exit  “zulu”  located  1925  m.  from  threshold  (not 
shown  in  table)  with  an  expected  value  of  ROT  of  65.2  seconds. 
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6.7  SMttl»-Taooma  Into,  national  Airport 


6.7  Seattle-Tacoma  International  Airport 


SeatOe-Ttcoma  International  Airport  has  two  closely-spaced  (i.e.,  244  m.  away  from  cen¬ 
terlines)  runways  oriented  North-South  (16-34).  Runway  16R  is  the  subject  of  interest  in 
this  analysis.  Hgure  6.7  illustrates  a  simple  schematic  of  runways  16R-34L  and  16L-34R 
showing  four  exit  locations  identified  in  Tables  6.2S  and  6.26.  Runway  16R-34L  has  an 
ai^roximate  length  of  2840  m.  and  width  of  46  m.  (ISO  ft.)  and  serves  all  classes  of  vehi¬ 
cles  including  heavy  jets  and  general  aviation  aircraftTable  6.27  shows  die  aircraft  popu¬ 
lation  mix  used  for  this  analysis  with  an  equivalent  mix  index  of  8U.  Table  6.28  shows 
the  baseline  ROT  table  results  for  the  existing  facility  with  an  estimated  weighted  average 
runway  occupancy  time  of  56.4  seconds  using  four  existing  runway  exits.  ROT  reducdtms 
of  up  to  7  seconds  are  possible  for  diis  runway  omfiguration  if  two  new  moderate  design 
speed  exits  (i.e..  FAA  standard  acute  angle  turnoffs)  are  placed  at  ranges  1310-14(X)  m. 
and  21(X)-2160  m.  from  runway  16R  threshold.  Note  that  this  particular  runway  configura¬ 
tion  has  an  added  constraint  in  the  form  of  a  closely-spaced  paraUd  runway  which 
requires  operations  on  16R-34L  to  hold  short  of  runway  16L-34R  before  a  runway  cross¬ 
ing  maneuver  is  authorized.  This  faa  would  restrict  the  use  of  these  two  new  turnoffs  to 
speeds  bdow  20  m/s  as  pilots  would  likdy  bring  their  aircraft  to  full  stop  prior  to  crossing 
runway  16L-34R. 


TABLE  6.25  TUmoff  Data  for  Runway  1 6R  at  Seatac  International  Airport 


Ihxiway  No. 

Taxiway 

Designation 

Location 

m. 

ft 

Thxiway  Type 
(Degrees) 

Design  Speed 
mys. 
ft/s. 

1 

C3 

920(3018) 

45 

8  (17.8) 

2 

C2 

1145  (3756) 

135 

6.7  (14.9) 

3 

C9 

1785  (5855) 

30 

20.0(44.6) 

4 

Cll 

2806(9210) 

90 

8  (17.8) 

TABLE  6.26  Tumoff  Data  for  Runway  34L  at  SeaTac  international  Airport 


IhxiwayNo. 

Taxiway 

Designation 

Location 

m.(ft.) 

IhxiwayTVpe 

(Degrees) 

Design  Speed 
mys.  (m.p.h.) 

1 

C9 

830(2722) 

ISO 

5(16.4) 

2 

C2 

1510(4952) 

30 

20(444) 

3 

C3 

1810(5937) 

135 

6.7(14.9) 
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TABLE  tXT  Aircraft  Mix  at  SeaTac  international  Airport 


Aiiciaft 

Number 

Aircraft  lype 

Percent  of  the 
Total  Mix  (%) 

Aircraft 

Number 

Aircraft  lype 

Percent  of  the 
Total  Mix  (%) 

1 

PA-38- 112 

1.0 

9 

A-300-600 

1.4 

2 

CE208 

1.0 

10 

B  767-300 

1.0 

3 

CE402C 

4.0 

11 

B  727-200 

19.0 

4 

EMB-120 

2.0 

12 

B  737-300 

12.4 

5 

SA227 

12.0 

13 

MD-83 

12.0 

6 

BAe-31 

10.2 

14 

B  747-200B 

3.0 

7 

DHC-7 

4.0 

15 

Lion 

3.1 

8 

CE550 

4.1 

16 

DC-8-73 

3.0 

6.7  SMtti»>1kooma  Intarnatlonal  Alport 


I 


Exit  Number 

1 

2 

3 

4 

Exit  Code* 

Open 

Open 

Open 

Open 

ExitLoc. 

9S8 

1150 

1787 

2807 

Exit  Type 

45  Deg. 

90  Deg. 

30  Deg. 

90  Deg. 

97 


ExitNumber  12  3  4 

Exit  Code*  Open  Open  Open  Open 

ExitLoc.  9S8  1150  1787  2807 


ExitlVpe  45Deg.  90Deg.  30Deg.  90Deg. 


6.7  SMttto-TMonw  bitarnatlonal  Airport 


TABLE  6.28  Runway  Occupancy  Time  Results  for  Runway  16R  at  Seattle*Taconia  International  Airport 


Exit  Number 

1 

2 

3 

4 

Exit  Code* 

Open 

Open 

Open 

Open 

ExitLoc. 

958 

1150 

1787 

2807 

ExitlVpe 

45  Deg. 

90  Deg. 

30  Deg. 

90  Deg. 

B  727-200 

Dry  ROT 

44.7 

63.6 

W 

(5.0) 

(95.0) 

Wet  ROT 

63.0 

(*) 

(100.0) 

B  737-300 

Dry  ROT 

38.8 

433 

633 

(«.) 

(4.0) 

(75.0) 

(21.0) 

Wet  ROT 

44.4 

633 

m 

(19.0) 

(81.0) 

MD-83 

Dry  ROT 

443 

633 

W 

(16.0) 

(84.0) 

Wet  ROT 

633 

(%) 

(100.0) 

B  747-200B 

■IH 

Dry  ROT 

733 

W 

(2.0) 

Wet  ROT 

75.0 

(%) 

(49.0) 

'  51.0) 

LlOll-SOO 

Dry  ROT 

62.6 

(%) 

(100.0) 

Wet  ROT 

614 

W 

(100.0) 

DC-8-73 

Dry  ROT 

643 

(») 

(100.0) 

Wet  ROT 

93.4 

(*) 

(95.0) 

(5.0) 

Weighted  Average  Runway  Occapaacy  Time  (aeconds) 

5643  a. 

a.  The  exit  code  de(i|iiates  i^iether  or  not  ■  runway  exit  it  included  in  Ihia  analytit  nm. 
REDIM  2.0  offen  the  analytt  the  ofxion  of  retaining  all  runway  exitt  or  jutt  dwae  lelea- 
edby  theuMr. 
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CHAPTER  7 


Phase  in  Research  Topics 


This  cluster  addresses  two  impoitant  issues  that  will  be  part  of  Phase  in  of  this  research 
project:  1)  the  potential  capaidt^  gains  as  a  result  of  the  use  of  npd  runway  tumofEs  and 
2)  ^ght  simulation  e:qperiments  needed  to  calibrate  the  ctnnputer  model  developed.  The 
descriptions  given  here  are  important  as  diey  constimte  a  natural  extension  to  the  tt^cs 
discussed  in  the  previous  six  chr^rs  of  this  report  Phase  ID  comjxises  several  field  stud¬ 
ies  to  calibrate  and  complement  die  development  of  the  REDIM  2.0. 


7.1  Potential  Capacity  and  Delay  Improvements  Using  Rapid  Runway 
'Dirnoff  Geometries 


The  improvements  derived  from  the  use  of  optimally  located  geometries  require  external 
assessment  from  macrosct^c  simulation  packages  where  aircraft  terminal  airq>aoe  and 
ground  qreratiem  are  simulated  and  ctmflicts  between  arrivals,  dqwrtures,  spedal  (^toa- 
tions  (i.e.,  touch-and-go  and  ground  transfers)  are  resolved.  Curremly  few  models  encran- 
pass  all  these  t^iaticms  at  the  same  time  and  probaUy  SIMMOD  is  the  best  tool  to 
address  airport  capacity  and  delay.  SIMMOD.  however,  does  not  have  the  capalality  to 
emulate  hi^  speed  turnoff  operations  and  consequently  cannot  be  used  to  assess  prelimi¬ 
nary  gains  in  diis  teqteo.  lb  address  in  srane  detail  this  impoitant  issue  the  Center  fin 
Transportation  Research  has  develq)ed  a  simide  runway  operations  computer  model  to 
estimate  capacity  and  delay  gains  using  high  speed  tumoflEs  on  a  singfe  runway. 

The  RUMSIM  model  (Runway  Simulatitm)  is  prognanmed  in  SIMSCRIFT  RS  and  mod¬ 
els  iniividual  arrival  and  departure  aircraft  opoadons  to  estimate  queues  at  taxiway  hold¬ 
ing  positions  and  at  teiminal  airspace  nodes  [Nunna,  1991].  The  tnodd  includes  die  logk; 
necessary  to  aUocate  aircraft  eperations  to  ten  differntt  types  of  runway  exit  geometries 
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including  REDIM-generated  high  speed  turnoffs.  RUNSIM  complements  the  results  of 
REDIM  2.0  and  estimates  global  statistics  for  arrival  and  dqMuture  operations.  The  main 
ouq)uts  to  this  model  are  the  delays  incurred  by  each  aircraft  arrival  departure  opera- 
tioa  In  order  to  demonstrate  this  a  single  runway  airport  scenario  was  used  in  order  to  ver¬ 
ify  arrival  and  departure  delays  under  mixed  aircraft  operations.  Using  diis  model  it  can  be 
shown  that  airport  operations  show  reductions  in  the  amount  of  deparmre  delays  observed. 
The  fictitious  scenario  is  shown  in  Hg.  7.1  where  an  existing  3000  m.  runway  with  four 
turnoffs  is  used  as  baseline  scenario. 


HGURE  7.1  Airport  Topology  for  Capacity  and  Delay  Aiudysis. 


Runway  06 


7.1.1  Simulation  Results  Using  Existing  Air  IVaffic  Control  Rules 

Under  existing  air  traffic  control  cmiditicms  tire  interarrival  sqparations  under  IFR  oondi- 
titrns  follow  a  6/5/2  J  nautical  mile  rule.  The  simulaticms  were  carried  out  from  the  final 
approach  fix  for  arrivals  and  from  the  gate  for  dq>artutes  to  simifiify  the  arudyris.  An  air¬ 
craft  mix  rqnesentative  of  a  large  hub  airport  facility  was  also  used  in  these  simulations. 
Several  input  parameters  were  varied  from  the  "baseUtK  soetuuio"  to  test  the  sensitivity  of 
the  model  udim  the  number  of  exits  and  their  types  are  varied. 
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HGURE  7.2  Arrival  Delay  Curves  for  Various  Airport  Scenarios. 
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HGURE  7.3  Departure  Delay  Curves  for  Various  Airport  Scenarios. 
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Data  for  arrival  and  departure  rates  was  assumed  to  follow  a  poisson  distributioa  The 
interarrival  and  interdepaiture  times  were  varied  from  12S  seconds  to  ISO  seconds  to  test 
the  sensitivity  of  the  runway  delay  to  varying  demand  rates.  In  this  rarige  the  total  arrival 
delay  is  very  sensitive  to  the  demand  rate  because  the  demand  is  reaching  the  arrival 
ciq)aci^  of  ^  runway.  The  model  however,  is  flexible  enough  to  allow  any  combination 
of  intetarrival  and  interdeparture  times.  Dik  to  flie  stochastid^  of  die  model  500  arrivals 
and  SOO  departures  were  used  per  iteration  to  rqrresent  operations  over  a  long  period  of 
time.  Air  traffic  control  time  buffer  data  used  were  derived  from  observed  values  in  ATC 
simulators  [Ciedeur,  1989]. 

\^th  fliis  data,  and  for  each  intetarrival  time  RUNSIM  was  run  for  five  iterations  to  gener¬ 
ate  data  for  total  dday  for  arrivals  and  departures,  weighted  average  runway  occupancy 
time  (WAROT)  and  its  standard  deviation.  The  average  values  of  these  runs  was  used  for 
plotting  a  demand  versus  average  delay  graidi  as  shown  in  Figures  7.2  and  7.3.  These  fig¬ 
ures  illustrate  that  as  the  demand  nears  the  ultimate  capacity  (i.e.,  cecity  associated  widi 
an  infinite  delay)  the  total  delay  increases  very  r^dly.  Fbr  the  baseline  scenario  and  an 
accqitable  average  delay  of  4  minutes,  the  practical  capacity  for  arrivals  is  30.2  arrivals 
per  hour  under  cunem  ATC  conditions.  The  resulting  WAROT  of  the  aircraft  population  is 
S4.S  seconds.  In  this  study  the  effects  of  runway  exit  replacement  are  investigated  to 
ascertain  runway  occupancy  time  gains  possible  with  the  implementation  of  standard  hi^ 
speed  exits  as  well  as  REDIM  generat^  geometries.  The  scenarios  shown  in  Table  7.1 
were  investigated: 


TABLE  7.1  Runway  Scenarios  Investigated  for  ROT  Gain  Analyses. 


Scenario 

Number 

Scenario 

Runway  Exits  Description 

Exit  Speed 
(m/s) 

1 

Baseline 

S  usaUe  90  d^ree  runway  exits  (see  Rg.  4.1) 

8.00 

2 

Wide  Throat 

Rqilaceemts  1  through4  with  four  optimally 
located  “wide  throat”  turnoffs 

15.00 

3 

30D^ree 
Standard  FAA 

Replace  baseline  exits  1-4  with  four  optimally 
located  30  degree  acute  angle  exits 

23.00 

4 

30  Degree 
Modified  Exit 

Replace  baseline  exits  1-4  with  four  optimally 
located  30  degree,  modified  entrance  acute  angle 
exits  427  m.  entrance  qrital) 

26.00 

5 

REDIM  3030 

Rqrlace  basdine  exits  1-4  with  four  optimally 
located  REDIM  generated  turnoffs  with  30 
exit  design  speed 

30.00 

6 

REDIM  3S30 

Rqrlace  baseline  exits  1-4  with  four  optimaUy 
located  REDIM  generated  turnoffs  with  35 
exk  desi^  qned 

35.00 

sna 
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Table  7.3  illustrates  the  possible  gains  in  weighted  average  ninway  occupancy  time  rang¬ 
ing  from  S4.5  seconds  for  the  baseline  scenario  down  to  36.8  seconds  for  the  implementa¬ 
tion  of  REDIM  high  speed  geometries  designed  for  3S  m./s.  and  an  exit  aii^e  of  20 
degrees.  The  reader  should  notice  that  these  improvonents  apply  for  a  runway  whose  exit 
locations  have  been  rq)laced  by  optimally  located  turnoff  on  eadi  category.  Note  horn 
Table  7.3  that  as  the  exit  design  sp^  (i.e..  entry  uunoff  speed)  is  increased  the  optimal 
locations  shift  closer  to  the  dueshold  as  one  might  expect 

A  plot  of  the  average  interarrival  delay  per  aircraft  are  shown  in  Fig.  7.2  (curve  labeled  A) 
corresponding  to  existing  final  approach  ATC  sq)aration  rules.  This  result  is  not  surprising 
since,  under  current  ATC  conditions,  die  interarrival  separation  and  not  the  ROT  of  the  air¬ 
craft  is  the  critical  factor  governing  die  capacity  and  delay.  An  impoitam  result  from  this 
ct^city  and  delay  analysis  is  that  the  average  delay  for  departures  decreased  significandy 
for  a  fixed  level  of  departure  operations.  Figure  7.3  illustrates  diis  for  four  of  the  six  con¬ 
figurations  studied  vtdtere  a  significant  shift  in  the  departure  delay  curve  is  observed  as  the 
design  exit  speed  is  increased.  The  reason  behind  this  shift  is  the  availability  of  more 
acceptable  gs^  for  departures,  an  effect  of  decreased  WAROT  for  a  single  runway  under 
mix^  aircraft  operations. 


TABLE  7J2  Aircraft  Population  Used  for  Capacity  and  Delay  Analyses. 


Airciaft 

Percent  Mix 

TERP 

Classification 

Aircraft 

Percent  Mix 

TERP 

Classification 

Cessna  208 

3 

A 

Boeing  767 

2 

D 

Saab  340 

10 

B 

BAe-146 

5 

C 

EMB  120 

8 

B 

Boeing  727 

15 

C 

SA227 

12 

B 

Boeing  737 

15 

C 

Boeing  757 

5 

C 

Grumman  IV 

3 

C 
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TABLE  7.3 

Summary  of  TUrnolT  Locations  for  Capacity  and  Delay  Airport  Scenarios. 

Scenario 

Nianber 

Scenario 

Runway  Exits  Description 

Exit  Location  (m.) 

Exit  Type 

Weighted 
Average 
ROT  (sec.) 

Exit#  1 

Exit#  2 

Exit#3 

Exit#4 

Exit#  5 

Exit#6 

1 

Baseline 

390 

90  deg. 

1154 

90  deg. 

1614 

90deg. 

2159 

90  deg. 

2713 

90  deg. 

3042 

90  deg. 

54.50 

2 

Wide  Throat 

390 

90  deg. 

950 

WT 

1225 

WT 

1425 

WT 

1900 

WT 

3042 

90  deg. 

51.20 

3 

30  Degree 
Standard  FAA 

390 

30  deg. 

950 

30  deg. 

1200 

30  deg. 

1400 

30  deg. 

1925 

30  deg. 

3042 

90  deg. 

44.63 

4 

30  Degree 

FAA  Modi¬ 
fied  Exit* 

390 

90  deg. 

900 

30  deg. 
modified 

1150 

30  deg. 
modified 

1350 

30  deg. 
modified 

1875 

30  deg. 
modified 

3042 

90  deg. 

43.00 

5 

REDIM  3020^ 

390 

90  deg. 

875 

RE  3020 

1125 

RE  3020 

1325 

RE  3020 

1825 

RE  3020 

3042 

90  deg. 

40.80 

6 

REDIM  3520* 

390 

30  deg. 

825 

RE  3520 

1050 

RE  3520 

1250 

RE  3520 

1650 

RE  3520 

3024 

90  deg. 

36.80 

a.  The  FAA  modified  30  degree,  acme  angle  geometry  includes  a  4S7  m.  (1400  ft)  iransiiion  qnial. 

b.  The  designation  RE  3020  imj^  a  high-speed  exit  designed  for  30  m/s  entry  qpeed  and  a  20  degree  exit  angte. 

c.  The  designation  RE  3S20  implies  a  high-speed  exit  designed  for  35  m/s  entry  qieed  and  a  20  d^ree  exit  angle. 


7.1,2  Future  Air  Traffic  Ctmtrol  Scenarios 

The  current  ATC  separation  rules  set  by  FAA  is  die  critical  parameter  governing  the  delay 
at  most  airport  facilities.  By  improvir^  the  tedmology  in  dealing  widi  wake  turbulence, 
improved  radar  technology  for  better  air  traffic  control,  die  FAA  proposes  to  decrease  die 
interarrival  separadtHi  to  the  values  shown  in  Thble  7.4.  This  scenario  studies  the  effect  of 
new  ATC  separation  rales  on  capacity  and  delay.  The  model  is  ran  by  changing  Ae  arrival 
separatitm  to  the  new  values  and  keqnng  the  other  values  same  as  in  liaseline  scenario". 
Figure  7.3  shows  the  arrival  delay  relationship  of  this  scenario,  whme  the  crgiadty  (practi¬ 
cal)  has  increased  to  34.0  operatimis  per  hour,  ii^iich  is  an  increase  of  near  4  (^rations 
(arrivals)  per  hour  as  compared  to  the  (nesent  rales. 

Hence  for  REDIM  exits  to  be  more  ^ective  and  to  achieve  a  balance  between  die  air- 
arrival  and  runway  practical  c^ndties,  the  ATC  sqiarations  have  to  be  fiirdier 
decreased  through  the  use  of  new  technology.  The  ultimate  g^  is  to  allow  analter  sqNura- 
tions  between  adjacent  arrivals  and  a  correqxwding  reduction  in  the  poation  errors  of 
iqipfoaching  aircraft  Nmietheless  decreashig  departure  delays  even  imder  todays  ATC 


Leading  Aircraft 
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TABLE  7.4  Current  and  Future  ATC  Aircraft  Inter-Arrival  Separation  Criteria. 


e 

S 

CiHTcnt  ATC  Separation 

Future  ATC  Separation 

Trailing  Aircraft 

Trailing  Aircraft 

Small 

Large 

Heavy 

Small 

Large 

Heavy 

1 

*< 

HD 

B 

Small 

2.5  (84) 

2.5  (64) 

2.5(60) 

■ 

2.0(65) 

2.0(51) 

2.0(48) 

1 

Large 

4.0(131) 

2.5  (64) 

Z5(60) 

■ 

3.0(98) 

2.0(51) 

2.0(48) 

Heavy 

6.0(196) 

5.0(129) 

4.0(96) 

■ 

5.0(163) 

4.0(103) 

3.0(72) 

Cell  values  represent  sqiarations  and  headways  in  nautical  miles  and  seconds,  respectively. 

Assumed  spe^:  I)  110  knots  for  small,  2)  140  knots  for  large  and  3)  ISO  knots  for  heavy  aircraft. 

environment  seems  to  offer  operational  advantages  diat  will  be  further  explored  in  Phase 
III  of  this  research  when  more  complex  airpon  configurations  will  be  studied. 

7.2  Flight  Simulation  Experiments 


This  section  summarizes  the  experiments  to  be  conducted  at  Oklahoma  City  by  the  Fed¬ 
eral  Aviation  Administration  in  conjunction  with  the  University  Center  for  Thmspoitatitm 
Research  (UCTR)  at  ^iginia  Tndt  This  study  is  to  be  omducted  under  tenns  of  NASA 
Langley  Contract  18147  Task  IS.  It  is  mqiected  that  this  experiments  will  be  performed  as 
part  of  Phase  ni  of  the  current  research  carried  out  by  the  UCTR  for  NASA  and  FAA. 

The  purpose  of  these  experiments  can  be  summarized  as  follows: 

a)  lb  assess  the  operational  suitalnlity  of  rapid  runway  turnoff  gemnetries  under  dosed 
loop  pilot  simulations. 

b)  To  determine  pilot  responses  to  optimally-fdaced  nq»d  runway  turnoff  locatitms. 

The  research  being  pursued  forms  part  of  the  FAA  ARD-200  Office  to  devdop  a  omiputer 
program  to  minimize  runway  occupancy  times  under  realistic  airport  scenarios  (i.e.,  large 
aircraft  populations  using  a  single  runway).  The  research  beirig  pursued  by  foe  UCTR  is  to 
devd(^  an  integrated  computer  modd  -REDIM-  to  execute  foe  optimization  of  nq»d  run¬ 
way  turnoffs  and  at  tile  same  time  describe  turnoff  geometries  satis^dng  prescribed  entry 
sp^  criteria.  The  im^xised  Emulation  effort  will  be  a  benchmark  fin- the  reseaidi  team  to 
validate  some  of  tte  turnoff  algoiitiims  imftiemented  in  REDIM  as  well  as  some  of  the 
exit  locations  suggested  the  modd  for  a  Boeing  727-200. 


107 


CHAPTER?:  PhaM  III  Research  Topics 


In  order  to  execute  these  experiments  in  a  more  controlled  fashion  it  is  advised  to  divide 
the  simulator  experiences  in  three  distinctive  sets  of  experiments:  1)  'nimoff  geometry 
simulations,  2)  Rt^id  runway  exit  locations  including  the  turnoff  geometries  and  3)  Air¬ 
craft  landing  roll  behaviors  with  runway  length  variations.  In  this  fashion  the  crew  mem¬ 
bers  will  be  able  to  replicate  precisely  the  entry  turnoff  speeds  and  exit  locatitHis  to  be 
tested.  The  following  paragraphs  attempt  to  describe  the  experiments  to  be  executed. 

7.2.1  'nimoff  Geometry  Experimmts 

This  part  of  the  experiment  will  try  to  estimate  the  (rilots*  accqrtance  to  various  rapid  run¬ 
way  turnoff  geometries.  'The  experiments  will  be  conducted  by  e:qx>sing  a  selected  group 
of  pilots  to  eight  different  "new"  geometry  configurations  and  to  the  standard  FAA  acute 
an^e  geometry  which  will  be  used  as  byline  scenario.  Each  run  will  be  subjectively 
evaluated  by  p^ots  to  verify  their  assessment  and  this  will  be  cranpared  with  time  traces 
derived  from  the  simulation  runs.  The  turnoff  geometries  will  be  modified  according  to 
the  following  design  parameters: 

a)  Turnoff  Exit  Angle 

b)  Tumoff  Entry  Speed 

c)  Tumoff  Safety  Factor 

These  conditions  will  be  evaluated  under  wet  pavement  conditions  if  the  simulator  fidelity 
can  appropriately  rcpresetu  this  scenario.  Parameters  to  be  extracted  in  this  stage  are 
shown  in*rable  7.5  for  further  reference.  It  should  be  noticed  that  the  tumoff  geometries  to 
be  simulated  will  have  variable  tumoff  widths  according  to  a  prescribed  linear  tumoff 
taper.  It  is  erqrected  that  for  each  run  the  research  team  will  have  access  to  several  variaUe 
time  traces  derived  from  the  simulator  using  the  Data  File  Collection  System  developed 
for  the  FAA  Phase  2  simulator.  These  in  turn  will  be  used  to  correlate  fnlot's  t^nions  and 
to  ascertain  possible  difficulties  with  each  geometry.  The  following  variaUes  are  consid¬ 
ered  important  in  this  correlation  procedure  and  thus  should  be  recorded  as  simulator  out¬ 
puts  for  further  examination  by  the  research  team. 


TABLE  7.5 

Aircraft  Simulator  Variabla  to  be  Extracted  for  Itmiofr  Geometry  Experiments. 

1)  Indicated  Airqreed 

11)  Lateral  Acceleration 

2)  Ground  Speed 

12)  Ground  Distance  'Itavelled 

3)  Pressure  Altitude 

13)  Pilot  Eye  Height 

• 

4)  YawAi^ 

14)  Rudder  Pedal  Force 

S)  Total  Thrust 

IS)  Column  Force 

6)  Ground  Distance 

16)  Wheel  Force 

7)  Nose  Gear  Compression 

17)  Flap  Angle 

8)  Left  Gear  Compression 

18)  Longitndinid  Accderation 

9)  Longitudinal  Velocity 

19)  Longitudinal  Wind  Wlocity 

10)  Lateral  Velocity 

20)  Lateral  Wind  >felocity 

7.2  Right  Simulation  Exparbmnts 


These  parameters  will  also  be  used  to  examine  i»lot's  control  actions  as  the  tumofT  is 
negotiated  and  establish  measures  of  effectiveness  to  judge  the  adequacy  of  each  turnoff. 
It  is  believed  that  a  typical  trace  sampling  rate  of  2-3  measurements  per  second  should  be 
sufficient  to  establish  a  good  dtaabase  for  fiiitiier  analysis.  This  would  translate  into  80- 
120  data  points  for  every  run  assuming  average  40  second  turnoff  geometry  nuis.  These 
traces  should  be  saved  in  magnetic  media  if  possible  for  more  detailed  analyses  by  the 
research  team. 

Parametric  variati<m  of  three  geometry-related  variables  for  two  possible  values  results  in 
eight  turnoff  geometry  scenarios  shown  in  Table  7.6  plus  the  baseline  run.  Using  a  simple 
rqrlication  of  eadi  scenario  by  a  four-crewmonber  group  results  in  a  total  of  36  simula¬ 
tions  if  a  baseline  turnoff  scenario  is  also  included.  One  of  the  most  fiindamaital  reasons 
to  execute  the  geometry-related  experiment  in  an  individual  fashion  from  diat  of  the  exit 
locations  is  to  control  with  more  accuracy  the  entry  speeds  at  the  point  of  curvature  (P.C.) 
or  turnoff  starting  point  Each  simulaticm  should  te  started  few  hundred  meters  ftiun  the 
turnoff  point  to  allow  pilots'  adjustment  and  full  situaticxud  awareness  before  entering  the 
turnoff  geometry  (see  Fig.  7.4). 


TABLE  7.6  TUmoff  Geometries  to  be  Tested  in  the  Boeing  727-200  Sfanniator. 


Scenario 

Exit  Angle 

Turnoff 

Distance  to 

Entry  Speed 

(Degrees) 

Safety  (%) 

Taxiway  (m) 

(mysec) 

I 

30 

SO 

228 

3S 

11 

20 

so 

183 

3S 

III 

30 

SO 

183 

30 

IV 

20 

SO 

183 

30 

V 

30 

100 

228 

3S 

VI 

20 

100 

183 

3S 

vn 

30 

100 

183 

30 

vra 

20 

100 

183 

30 

Baseline 

30 

N/A 

183 

27 

A  simple  dynamic  model  shows  that  a  Boeing  727-200  (with  Pratt  &  Whitney  JT8D-1S 
engines)  at  maximum  allowd^  landing  weigitt  could  reach  35  m/^  (78  MPH)  in  about 
350  meters  (1150  ft)  after  brake  release  at  takeoff  thrust  levds.  Ttds  simuUaion  is 
depicted  gnqihically  in  Hg.  15  ndiere  die  aircraft  C.G.  acceleration,  velocity  and  down- 
range  distance  are  shown  as  a  functicm  of  time  to  assess  the  simulation  time  requirements 
in  the  aircraft  acceleration  process.  This  simulauon  was  carried  out  using  a  point  mass 
model  with  a  nonlinear  thrust  l^ise  rate  and  rolling  friction  as  a  ftinctiGn  of  speed.  The 
baseline  flap  angle  used  in  the  simulation  was  30  degrees  down  consistent  whh  die  land¬ 
ing  limittdons  of  the  aircraft  at  a  maximum  landing  weight 

A  more  conservative  distance  of  550  -  6(X)  mts.  (1804  - 1970  ft)  could  be  used  to  locale 
the  ngiid  runway  lest  geometries  from  the  ptdm  of  brake  release  allowing  ea^  nm  to 
comfoitably  reach  the  maximum  exit  speed  0x..  35  or  30  ra/s  at  the  imersection  point 
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(see  Fig.  7.4)  even  at  a  reduced  throttle  setting  command  schedule.  Fig.  7.4  illustrates  the 
expected  simulation  setting  for  these  experiments  and  shows  the  relative  magnitude  of  the 
segments  to  be  programmed  in  the  simulator  software.  In  this  simulation  a  first  order  lag 
schedule  was  u^  to  model  the  throttle  setting  with  a  time  constant  of  one  second.  This 
will  produce  an  effective  thrast  re^nse  lag  of  S  seconds  to  achieve  a  commanded  thnist 
level  (about  99.0%  of  the  commanded  thrust  level).  A  sample  result  is  shown  in  Fig.  7.6 
with  a  time  tustoiy  of  the  "smoothed"  throttle  setting  and  corrected  thrust  resptmses 
throughout  the  aircraft  acceleration  maneuver. 

From  this  analysis  it  is  seen  that  a  5  second  stabilization  period  (also  called  crew  aware¬ 
ness  time  later  on)  is  probably  necessary  before  the  crew  is  conunitted  to  execute  the  turn¬ 
off  as  this  will  give  them  time  to  verify  the  aircraft  state  variables  versus  those  required  by 
each  experiment  This  "crew  exit  awareness"  time  wiU  also  be  ttecessary  to  ensure  an 
engine  steady-state  response  to  a  near  thrust  idle  condition  which  would  be  typical  of  air¬ 
line  operations  at  near  turnoff  entry  speeds.  Moreover,  this  will  also  help  die  research 
team  to  observe  pilot  lag  times,  if  any,  in  recognizing  these  new  geometries. 


RGURE  7.4  'nimofr  Geometry  Simulatioii  Diagram. 


Simulation  Ends 


The  end  of  each  simulation  run  will  be  accom|dished  (Mice  the  aircraft  has  reached  the 
point  of  intersecticMi  of  a  parallel  taxiway  and  the  turnoff  getunory  being  tested  The 
actual  ending  points  will  vary  slightly  to  test  lateral  space  OMistraints  as  s(Mne  turnoff 
geometries  will  not  allow  safe  deceleration  at  higher  exit  qieeds  unless  the  latnal  gracing 
between  the  runway  centerline  and  the  parallel  taxiway  is  increased.  Ibble  7.7  illustrates 
all  turnoff  trials  and  their  coneqxMiding  eiqxcted  final  qieeds  at  die  tumoffftaxiway  junc¬ 
tion.  The  main  assumption  in  this  model  is  thtt  deceleration  is  only  allowed  during  die 
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straight  portion  of  the  turnoff.  Under  real  circumstances  it  is  erected  that  pilots  will  be 
able  to  brake  at  about  *0.75  to  -1.00  m/s^  during  the  straight  segmeru  of  the  turnoff  while 
only  rolling  friction  will  be  the  only  source  of  deceleration  on  the  curved  portion  of  the 
turnoff  geometry.  During  the  curved  segments  comprising  the  turnoff  a  conservative  value 
of  rolling  fnction  deceleration  has  been  assumed  to  be  0.375  ni/s2.  This  number  has  been 
extracted  from  data  obtained  by  Horonjeff  et  al.  [Horonjeff  et  al.,  1960]  for  a  Boeing  KC- 
135. 

An  example  run  of  the  expected  state  variables  in  the  flight  simulator  is  depicted  in  Hg. 
7.7  where  time  traces  of  acceleration  (AC.Path),  aircraft  heading  angle  (Sai)  and  aircraft 
speed  (V_Pafli)  are  shown  during  a  typical  rspd  runway  turnoff  maneuver.  The  decelera¬ 
tion  trace  shows  very  clearly  the  constant  deceleration  behavior  during  the  curved  portion 
of  the  turnoff  whereas  a  first  order  model  represents  the  braking  effort  expected  ftom  a 
pilot  in  terms  of  aircraft  deceleration  on  the  tangent  portion  of  the  turnoff. 

This  model  once  again  assumes  a  maximum  allowable  landing  aircraft  mass  (i.e.,  72.200 
kgs.)  and  the  detailed  equations  of  motion  have  been  outlined  in  Trani  et  al.  [Trani  et  al.. 
1990]. 

1.22  Runway  'Hirnoff  Location  Experiments 

This  part  of  the  experiment  will  try  to  estimate  the  pilots'  acceptaru^  to  various  rapid  run¬ 
way  turnoff  locations.  The  experiments  wUl  be  conducted  by  exposing  the  same  group  of 
pilots  to  six  different  turnoff  location/geometry  configurations  plus  the  standardized  loca¬ 
tion  determined  ftom  currem  FAA  methods  [FAA.  1989].  Once  again  each  nm  will  be  sub¬ 
jectively  evaluated  by  pilots  to  verify  their  assessmem  using  quesdonruures  and  diis  will  be 
compared  with  time  histories  derived  from  the  simulation  runs.The  turnoff  locations  will 
be  modified  according  to  the  deared  exit  qreed.  Speeds  of  30  and  35  m/s  will  be  used  as 
data  points  to  asses  the  validity  of  the  REDIM  model  asr  umptions  under  three  different  exit 
location  scenarios  labeled  short,  medium  and  long  (see  TaUe  7.8).This  simulation  will  in¬ 
clude  a  complete  description  of  the  final  iqrproach  as  well  as  the  ground  simulatitxi  as  it  is 
necessary  to  evaluate  the  complete  landing  roll  perfotmarKe.  Ihble  7.8  illustrates  die  sce¬ 
narios  envisioned  for  this  portion  of  the  experiment 

The  simulations  will  be  conducted  in  a  relatively  long  runway  (i.e..  2750  mts.  or  more)  to 
assess  crew  landing  roll  behavioral  patterns  under  relatively  unccmstrained  runway  length 
conditions.  The  tuns  should  be  executed  at  near  maximum  landing  weight  ouiditkms  if 
possible  (i.e..  72.000  kg  for  a  typical  B727-200)  and  the  lowest  flap  angle  setting  permit¬ 
ted  by  this  weight  limitation.  I^r  every  run  it  is  expected  that  the  number  of  exits  should 
be  k^  to  a  minimum  including  the  "new  exit"  beirig  tested.  One  way  to  overcome  this 
would  be  to  locate  neighboring  exits  at  no  less  than  300  m.  (985  ft)  ftom  die  exit  being 
tested  during  the  particular  run. 

The  turnoff  location  experiments  win  be  comidemented  widi  two  of  the  proposed  turnoff 
getuneuies  (i.e.,  turnoff  geometries  VI  and  vm)  in  order  to  gain  mme  insigitt  oi  pOots 
resptmses  and  workload  during  the  ctnnplete  landing  phase . 


Ill 
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TABLE  7.7  TtirnofT  Geometries  to  be  Tested  in  the  Boeing  727*200  Simulator. 


Scenario 

Ttimofr 

Angle  (Deg) 

Distance  to 
Taxiway  (m) 

TumofT 
Safety  (%) 

Entry 

Speed  (m/s) 

Final  Speed 
(mVsec.) 

I 

30 

228 

50 

35 

18.4* 

n 

20 

183 

50 

35 

10.0^ 

m 

30 

183 

50 

30 

10.0 

IV 

20 

183 

50 

30 

14.0 

V 

30 

228^ 

100 

35 

19.2 

VI 

20 

183 

100 

35 

10.4 

vn 

30 

183 

100 

30 

14.4 

1.  Ending  speed  u  the  nimofiAaxiway  junction. 

2.  Reaches  taxiway  speed  (10  m^)  before  readiing  the  tumofE/taxiway  junction. 

3.  Proposed  228  mts.  (750  ft)  lateral  separation  to  parallel  taxiway. 


HGURE  7.7  Aircraft  Deceleration,  Heading  Angle  and  Speed  Time  Histories  During  a  'Dimofr. 

1  Ac.Path  2  Sal  3  V_Path 

1  -2.00 


1 

i 


1/27/91  12:32:44  AM 
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TABLE  7 A  Location/Geometry  Scenarios  to  be  Investigated  (RQ>IM  2.0). 


Scenario 

Speed 

Location 

Location 

IbrtHrfr 

Number 

[(m/s)/knots] 

(m.) 

Description 

Geometry 

I 

35  /  68.0 

1215 

Short 

n 

n 

35  /  68.0 

1355 

Medium 

n 

m 

35  /  68.0 

1496 

Long 

n 

TV 

30  /  58.3 

1315 

Short 

IV 

V 

30/58.3 

1450 

Medium 

IV 

VI 

30  /  58.3 

1690 

Long 

IV 

Baseline 

27  /  52.3 

1500* 

Standard 

Standard 

1.  Baseline  Scenario  value  based  upon  a  1 .52  m/s-s  (S.O  ft/s-s)  deceleration  rate,  touchdown  location  at  4573  (1500  ft)  and  a  72  m/s 
(140  knot)  qtproach  tpeeA. 


In  order  to  gain  an  i^reciation  of  the  complete  landing  toll  dynamics  and  its  influence  in 
the  nmway  turnoff  location(s)  it  is  expected  that  this  ponion  of  the  experimoit  will 
include  the  complete  landing  roll  maneuver  and  possibly  poitions  of  the  final  approach 
procedure  as  needed  for  flight  training  and  starting  setup  of  the  ^ulator.  Table  7.9  illus¬ 
trates  the  variables  considered  important  in  the  experiments  to  detennine  die  suitability  of 
REDIM  proposed  turnoff  geometries. 


TABLE 7J 


Aircraft  Simulator  Variabla  for  Dimoff  Locatkm/Gcometry  Experiments. 

1)  Indicated  Airqieed 

2)  Ground  Speed 

3)  Radio  Altitude 


4)  Yaw  Angle 

5) RoU  Angle 

6)  Ground  Distance 

7)  Nose  Gear  Conqxession 

8)  Left  Gear  Compressioo 

9)  Longitudinal  Velocity 

10)  Lateral  Velocity 


11)  Vertical  Velocity 

12)  Longiuidinal  Acceleration 

13)  Lateral  Aoceleiatian 

14)  Pitch  Angle 

15)  Total  Hirust 

16)  Rudder  Pedal  Force 

17)  FIq>  Angle 

18)  Ground  Distance  Tnvdled 

19)  Spoiler  Deployed  Flag 

20)  On  Ground  Flag 


It  is  expected  that  most  simulations  will  be  executed  using  standard  aiiline  practices  (i-e- 
manual  landing  roll  peifoimance,  thrust  reverser  until  a  prescribed  qteed.  M.)  as  dds  will 
give  the  research  team  a  good  practical  database  to  calibrate  REDIM  for  die  Boeing  727- 
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200.  In  some  of  the  high  speed  exit  runs  (i.e.,  35  m/s)  it  might  be  necessary  to  advise  crew¬ 
members  to  inhibit  the  aircraft  thrust  reversers  slightly  earlier  (say  at  70  knots)  to  reduce 
the  crew  workload  while  executing  the  turnoff  maneuver. 


RGURE  7.8  Diagram  for  Runway  TtimofT  Location  Experiments. 


Braking  Runway  Clearance 

Termination  Poim 


7.2  J  Runway  Length  Influence  on  Pilot  Landing  Rtfll  Behavior 

This  part  of  the  experiment  will  try  to  (tetermine  die  influence  of  runway  lengdi  on  pilot 
landing  deceleration  technique.  Currently  REDIM  uses  an  average  deceleratitMi  sdiedule 
to  estimate  optimal  npd  runway  turnoff  locatitxis  for  every  aircraft  if  the  data  base.  It  is 
however,  known  that  pilots  stu^  their  aitcrafl  deceleradmi  pmtem  according  to  the  run¬ 
way  length  availaUe,  gate  locadcm,  airline  local  modvaticmal  procedures,  etc.  Widimit  any 
doubt  the  runway  length  is  (me  of  the  most  importam  paameters  dictatmg  the  decdaatkm 
schedule  used  in  most  practical  scenarios.  For  this  reason  the  researdi  team  is  interested  in 
estaUishirtg  a  small  database  to  validate  a  heuristic  aircraft  deederatkm  model  within 
REDIM  that  accounts  for  the  piloting  behaviors  under  various  runway  lengths  availaUe. 

The  eiqietitnatt  will  consists  of  simple  approaches  followed  by  foil  landing  rUls  under 
three  differem  runway  length  scouuios  to  assess  the  influence  of  runway  lengdi  on  pifof  s 
landing  rUl  deceletaticm  behavior.  All  these  runs  will  be  conducted  (m  wet  runways  and 
no  turnoffs  availaUe.  This  last  measure  will  reduce  Uases  in  die  deederation  sdiedule  due 
to  the  existence  of  particular  turnoff  locations.  TUile  7.10  flhistiaies  the  time  runway 
lengdis  considmed  typical  for  a  medium-size  transport  ^pe  airciaft.  Hg.  7.9  lUustraies 
graphically  dds  portion  of  the  experiment  It  diould  te  not^  that  if  the  saaae  crewmemba* 


115 


CHAPTER  7:  Phase  lU  Research  Topics 


population  is  used  (i.e.,  four  crews)  a  total  of  24  data  points  will  be  available  for  three  run¬ 
way  scenarios.  The  reader  should  rK)te  that  all  data  points  obtained  in  this  portion  of  the 
experiment  will  be  invaluable  to  calibrate  a  heuristic  method  to  accoum  for  pilot  behav¬ 
ioral  changes  under  variable  runway  lengdi  conditions. 


7.2  FlIgM  Simulation  ExpArlnwnts 


meAod  for  aU  runs  to  be  made  during  die  first  set  of  experimoits  {Hissed  dealing  with 
turnoff  geometries  alone.  Table  7.12  illustrates  the  sequence  of  runs  needed  to  accomplish 
the  second  part  of  the  experiment  Note  once  again  thk  each  scenario  will  be  fnesented  in 
a  different  fashion  to  each  crew  to  avoid  simulation  transfers  between  experimoits.  Table 
7.13  illustrates  the  rotation  of  trials  for  the  third  part  of  the  experiments. 


TABLE  7.1 1  Experimental  Order  of  Executkm  for  TiimofT  Geometry  Tests. 

Crew  Base  I  n  ffl  IV  V  VI  VB  vm 

lal  234S6789 

2al  92345678 

3al  89234567 

4al  78923456 

lb  1  67892345 

2bl  56789234 

3b  145678923 

4b  1  34567892 


TABLE  7.1 2  Experimental  Order  of  Execution  for  Tkimoff  Location  Tests. 

IV  V  VI 

5  6  7 

4  5  6 

3  4  5 

2  3  4 

9  2  3 

8  9  2 

7  8  9 

6  7  8 


1.  Iiii]dies  a  second  nm  for  this  pvtkiilar  crew. 
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TABLE  7.13  Experimental  Order  of  Executioo  for ’nirnoff  Location  Tests. 


Crew  Runway  Length  Scenarios 

Shoit  Medium  Long 
la‘  123 

2a  3  12 

3a  2  3  1 

4a  12  3 


1.  Iiiq>lies  a  second  run  for  this  particular  crew. 
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Conclusions  and 
Recommendations 


8.1  Conclusions 


The  simulati(m/optimization  approach  adopted  in  this  new  version  of  REDIM  provides 
airport  planners  and  researchers  alike  with  a  better  uixlerstanding  of  the  comidex  issue  of 
locating  optimal  runway  exits  and  their  assodated  geometries.  Looking  at  existing  data  on 
runway  occupancy  times  [Koenig.  1978;  Weiss  and  Batier,  1984,  Weiss,  1985;  and  Ruhl, 
1990]  it  is  b^ved  that  the  new  REDIM  model  behaves  in  a  realistic  fashion  for  a  multi¬ 
tude  of  scenarios  tested.  Compariscm  of  previous  em{»tical  results  obtained  by  previous 
researchers  support  the  validity  of  this  argument  Furter  empirical  studies  are  being  pur¬ 
sued  in  Phase  in  of  this  research  project  at  six  large  and  medium  size  airport  hubs. 

Following  the  iQ)ptoach  adopted  in  the  |»evious  vetsitm  of  the  REDIM  model  the  descrip¬ 
tion  of  folly  variifole  turnoff  getnnetries  is  approximated  with  two  large  radii  of  curvature. 
This  simplifies  the  presentation  of  results  within  the  model  yet  qjproximates  very  closely 
a  turnoff  gemnetry  resembling  a  large  transititm  qnral.  The  reader  can  compare  results  of 
hi^  speed  geranetries  defined  with  variable  radii  of  curvature  and  the  standardized  spiral 
transitions  used  in  associatitm  with  the  30  deg.  FAA  standard  gemnetry. 

The  characterization  of  the  first  order  differential  system  used  to  describe  the  turnoff  ma¬ 
neuver  by  various  aircraft  was  investigated  and  vc^fied  widi  die  use  of  a  four-degree  of 
fteedtnn  model  whidi  considered  three  force  equations  and  one  momott  equation  to  de¬ 
scribe  the  aircraft  latoal,  longitudirud,  vertical  and  yawing  motions.  This  model  also  sug¬ 
gested  dut  tire  forces  for  the  geometries  proposed  are  well  widdn  design  limks.Chapier4 
presented  sdected  results  of  dds  analysis. 

The  geometries  generated  by  REDIM  are  dictated  primarily  by  the  jerk  and  normal  accel¬ 
eration  in  die  first  few  seconds  of  the  tnyeciory  and  by  die  aiit^  rotational  inertia  limita¬ 
tions  in  the  longer  term  (i.e..  3  or  more  seconds  into  die  turn).  In  generaL  the  geometries 
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obtained  in  REDIM  differ  from  the  FAA  standard  acute  angle  exit  geometry  in  terms  of 
their  initial  and  steady  state  radii  of  curvature.Since  diis  research  is  aimed  at  higher  speeds 
than  those  adopted  by  the  FAA  standard  criteria  the  results  indicate  longer  and  smoother 
trajectories  which  consume  mote  of  the  runway  longitudinal  distance.  This  is  an  important 
detail  as  a  runway  lengdi  is  a  limited  resource  where  only  a  few  of  these  high  speed  exits 
can  be  located.  Nonetheless  as  the  results  of  Section  7.1  indicate  die  provision  of  even  a 
limited  number  of  high  speed  turnofGs  mi^it  be  easily  justifiable  frmn  an  operator’s  poim 
of  view  if  a  reduction  in  ROT  is  needed.  Another  parameter  equafiy  importatu  in  this  anal¬ 
ysis  is  the  reduction  of  the  standard  deviadm  of  die  ROT  parameter  (Orot)  since  low  val¬ 
ues  of  Orot  sic  representative  of  better  runway  utilization  across  the  mtite  aircraft 
populatioiL 

In  order  to  provide  guidance  for  imfdementation  of  high  speed  geometries  a  series  of  no¬ 
mographs  have  been  suggested  in  this  report  providing  preliminary  design  guidelines  for 
future  use  by  airport  planners.  The  graphs  contained  in  Section  4.1  of  die  report  documem 
suggested  lateral  separations  between  runways  and  turnoffs  for  combiruuions  of  exit  type, 
exit  angle,  and  aircraft  operational  turnoff  speeds  (i.e.,  entry  and  final  speeds).  The  lateral 
amstraints  dictated  by  operational  aircraft  criteria  and  runway  exit  gemnetric  constraints 
were  also  programmed  into  the  software  padcage  to  allow  furdier  compliance  widi  these 
proposed  standards.  Design  nomographs  have  been  derived  for  FAA  standard  hi^-^ieed 
exits  (i.e.,  30  deg.  standard  and  30  deg.  modified  geometry  with 427  m.  transititHi  spiral)  as 
well  as  for  REDIM  generated  geometries.  The  results  are  presented  in  Chapter  4  of  this  re¬ 
port 

A  desiraUe  characteristic  of  the  modd  addressed  in  this  research  phase  has  been  the  {xo- 
vision  of  variatfle  exit  angles  for  new  geometries  and  the  possiltility  of  obtaining  an  abso¬ 
lute  mirumum  WAROT  value  for  a  runway  in  questitm  without  kueral  ^lace  amstraints, 
with  large  number  of  exits  and  hi^  exit  qieeds.  This  scenario,  altiiou^  fictitious  in  prac¬ 
tice,  has  been  provided  to  serve  as  a  berichmark  for  comparing  constrained  and  unctni- 
strained  optintizatitm  solutitms. 

Another  aspea  deserving  attentitm  are  the  calitoatitm  of  some  of  the  safety  margins  and 
assumptions  made  in  die  present  modeling  effort  In  the  overall  concqitualizatitm  of  RE¬ 
DIM  safety  margins  were  imftiemented  in  smne  of  die  dynamic  module  sutMoutines  to  ac¬ 
count  for  die  usual  uncertainties  associated  with  manual  control  tasks,  such  as  die  landing 
of  an  aiiciaft.  the  activation  of  braking  devices,  etc.  However,  the  rerhiction  of  these  uncer¬ 
tainties  could  significandy  reduce  the  nmway  occiqiancy  time  (ROT)  by  reducing  die  mar¬ 
gins  of  safety  needed  to  cope  widi  die  origirial  assumptions.  This  pheninnena  is  similar  to 
the  anticipate  reductions  in  the  aircraft  interarrival  time  (lAT)  to  the  runway  thiedudd 
through  an  improvement  of  the  aircraft  delivery  accuracy  (e.g.,  reduciiig  the  firud  ap¬ 
proach  lAT  sqiaiatiai  buffors).  The  underlying  assumptions  made  in  diis  model  have  tried 
to  establish  a  good  balance  between  (^rational  safety  and  die  efficiency  of  the  runway 
subsystem.  This  compromise  was  necessary  because  the  modd  is  eiqiecied  10  be  qifdied  in 
8vaiietyofscenatio8vdierethemanualcontitdunoeitaintieswillbe,ingenetal.<piitehigh- 
That  is,  die  modd  could  be  dther  qiplied  to  small  community  airptms  adiere  die  proficien¬ 
cy  and  accuracy  of  die  pilots  mi|^  dictate  sli^y  larger  tikxsf  margins  or  to  trans- 

port-^pe  airports  adiere  an  increased  number  of  automated  landing  rdlout  operations 


8.2  RcoomnMfMtatlons 


could  take  place  in  the  future. 


8.2  Recommendations 


It  is  expected  that  REDIM  will  be  calibrated  with  the  help  of  simulation  and  experimental 
results  to  be  obtained  through  simulations  at  the  FAA  Aeronautical  Center  at  (Mahrana 
Gty  in  order  to  gain  more  confidertce  in  the  output  results  of  the  model.  This  calibraticm  is, 
in  fact,  one  of  the  most  important  steps  to  follow  in  the  developmeitt  of  REDIM.  The  cali¬ 
bration  procedure  has  been  outlined  in  Chapter  7  of  tius  report  and  could  be  easily  expand¬ 
ed  to  accoum  for  more  aircrah^ot  variations  since  only  a  Boeing  727-200  flight  simulator 
will  be  used  in  the  current  plan  of  calibration  pioceduies.Data  obtained  from  otiier  flight 
simulators  could  prove  to  be  very  useful  in  this  regard  in  order  to  have  a  more  broad  data¬ 
base. 

It  is  suggested  that  further  studies  be  urrdertaken  to  explore  the  complex  aircraft  interac¬ 
tions  possible  with  the  implementation  of  high  qieed  geometries  at  the  taxiway/runway 
system.  The  interactions  resulting  from  the  merging  of  hi^  and  low  speed  ground  traffic 
on  the  runwayAaxiway  system  could  be  either  beneficial  and  detrimental  to  ground  opera¬ 
tions  depending  upotuhe  airport  configuration,  niase  ni  is  currently  exploring  the  capacity 
and  delay  gains  that  could  be  derived  horn  the  use  of  high-speed  turrxrfifs.  Using  a  single 
runway  discrete  simulation  model  (RUNSIM)  it  was  possiUe  to  quantify  in  a  preliminary 
way  the  cecity  and  delay  reductions  expected  with  the  imiflementation  of  hi^-speed 
turnoffs  for  single  nmway,  mixed  operation  scenarios Jleductions  in  arrival  delays  are  not 
possible  alone  with  the  use  of  high-^reed  geometries  for  current  ATC  sqraratkm  crit^ia. 
However,  if  future  separation  standard  are  reduced  to  2.0  arxl  U  nautical  miles  under  APR 
conditions  the  expected  reductions  in  ROT  will  be  necessary  in  order  to  balance  runway 
service  times  and  interarrival  separations.  For  VFR  conditions  whne  closer  interarrival 
times  are  possible  reductions  in  ROT  times  are  certainly  welcome  to  increase  die  aircraft 
acceptance  rate  of  a  single  runway  with  mixed  aircraft  operations. 

Fmally,  under  single  runway  mixed  operation  condititms  a  significant  reduction  in  the  de¬ 
parture  delays  were  observol  with  the  implementation  of  high-speed  runways  as  more  giqrs 
betweoi  adjacem  arrivals  were  created  thus  allowing  more  dq;>iututes  per  unit  of  time.  Re¬ 
sults  indicate  that  increases  of  12-16  %  in  departure  practical  capactty  are  possitfle  for  a 
single  runway  under  balanced  mixed  operatitxis  (50%  arrivals  and  50%  departures)  under 
a  current  ATC  system.  The  reductkms  in  departure  delays  could  mean  substantial  fuel  sav¬ 
ings  for  airline  t^rators  over  a  twemy  year  life  cycle  which  would  be  typical  for  runway 
turnoff  economic  assessment. 
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APPENDIX  A 


Comparison  of  Turnoff 
Geometries 


This  iQ)pendix  contains  peitinent  turnoff  infonnadm  to  onnpaie  ttie  existing  standard 
turnoff  gecMnetries^th  those  (xrqposed  in  diis  research.  Figure  A 1  illustrates  the  diar- 
acteristics  of  two  standard  FAA.  30  degree  angle  turnoff  geometries  compared  with  a 
REDIM  generated  turnoff  (using  a  Boeing  727-200  as  critical  vehicle)  designed  for  an 
entry  qreed  of  3S  mA  and  an  exit  angle  of  20  degrees.  The  practical  design  qxed  for 
the  lAA  standard  turnoff  ^mnetries  is  on  foe  order  of  26.7  tn/s  (60  m.p.h.)  according 
to  empirical  data  obtained  by  Horm^ff  [Iforot^ff  et  aL.  I960]. 

Hgure  A2c(mqNues  the  same  standard  FAA  30  d^.  angle  geometries  (top  figure  is  foe 
modified  geometry  with  a  427  m.  ^tal)  with  a  35  mji.  exit  qreed  REDIM  geometry 
sized  for  a  Boeing  747-200.  Note  that  foe  exit  angle  for  the  REDIM  geometries  has 
been  reduced  from  thirty  to  twenty  d^rees  to  oomidy  with  a  183  m.  (600  ft)  imeral 
separatim  from  runway  to  taxiway. 

Figure  A.3  illustrates  a  comparism  of  a  standard  wide  throat  geometry  wifo  a  35  mjs. 
REDIM  geometry  sized  for  a  medium  tianqxnt-tsipe  aiictaft  (Le.,  Bodtig  727-200). 
Note  foe  differences  in  longitudirud  disouice  requirements  for  both  geometries.  The 
useful  wide  foroat  exit  qreed  is  around  15-17  mA.  The  qjpeal  of  foe  wide  throat  geom¬ 
etry  would  be  its  use  un^  heavily  constrained  runway  environments  where  kngitufo- 
nal  spdoes  avaOaUe  lo  phux  a  new  geometry  are  rdafively  saadL  The  wide  forott 
geometry,  however,  has  relatively  tow  exit  greeds  and  thus  wiM  not  resut  in  substantial 
reducttons  in  ROT.  The  bottom  figure  illustrates  a  oongwiaon  between  a  30  m^i.  RE¬ 
DIM  geometry  (Boeing  747-200  as  crittcal  aircraft)  and  a  standard  FAA  30  d^  mod¬ 
ified  geometry.  Notice  that  foe  entrance  fillet  in  RENM  genenaes  geometries  is 
significantly  chtttged  providing  pitots  wifo  bener  visibiltty  tff  foe  totncdf. 


FOURE  A.1  Comparison  of  FAA  Standard  Qaomatrlaa  and  REDIM  3520  Gaomatry 

(B^ng  727-200  uaad  aa  critical  aircraft). 
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APPENDIX  B 


Aircraft  Data 


This  appoidix  contains  peitinent  aircraft  data  spanning  four  TQIP  classification 
groups.  The  data  has  been  gathered  from  reliable  sources  such  as  aircraft  manufacturer 
data.  Jane’s  All  the  Worid’s  Aircraft,  Aviation  Week  and  Space  Tectmology,  Business 
and  Commetmal  Aviation  Flarming  Handbook  and  Various  other  respected  magazines 
covering  the  world  of  aviatitm. 

The  tyrpendix  lists  pertinent  aircraft  data  characteristics  used  in  REDIM  2.0  to  execute 
botii  tile  (^mization  and  dynamic  aircraft  simulation  procedures.  ItiUe  B.l  illustrates 
the  characteristics  of  transport-type  aircraft  conesporxling  to  TERP  categories  C  and 
D. 


TABLEB.1  Aircraft  Data  for  TERP  CategoryksC  and  D. 


Aircraft  Name 

REDIM  Code 

Max. 

Laodiiig 

Mass 

(Kg) 

Oper. 

En^ 

Mns 

(Kg.) 

Airciaft 

Wingspan 

(m.) 

Aimaft 
Wheel- 
Base  (m.) 

%Load 
on  Main 
Gears 

Airbus  A-300-600 

A-300 

140J)00 

92,160 

44.80 

18.60 

92.50 

Airbus  A-310-300 

A-310 

124  JXX) 

80,050 

43.90 

15.21 

91.60 

Airbus  A-320-200 

A-320 

64,500 

39,750 

33.91 

12.63 

R)ldcerl00 

FlOO 

39,915 

24J73 

28.08 

14.00 

89.50 
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TABLE  B.1  Aircraft  Data  for  TERP  Categoryies  C  and  D. 


Aircraft  Name 

RE  DIM  Code 

Max. 

Landing 

Mass 

(Kg) 

Oper. 

Empty 

Mass 

(Kg.) 

Aircraft 

Wmgspaa 

(m.) 

Aircraft 
Wheel- 
Base  (m.) 

%Load 
on  Main 
Gears 

BAe  146-200 

BAe-146 

36,741 

23,882 

26.34 

11.20 

Boeing  727-200 

B-727-200 

73,028 

46,164 

36.75 

16.75 

92.50 

Boeing  737-300 

B-737-300 

51,710 

31,561 

28.88 

12.35 

93.50 

Boeing  747-200 

B-747-200 

255,825 

170,180 

28.88 

12.50 

92.50 

Boeing  747-400 

B-747-400 

285,765 

177374 

59.64 

25.60 

94.60 

Boeing  757-200 

B-757-200 

89,813 

57367 

63.30 

25.60 

Boeing  767-200 

B-767-200 

116,573 

79,923 

38.05 

18.29 

93.50 

McDonneU  MD-83 

MD-83 

63,276 

36,546 

47.57 

19.69 

9230 

McDonnell  MD-87 

MD-87 

58,967 

33,183 

32.87 

22.07 

Me.  DonneU  DC-10-30 

DC-10-30 

182.766 

121,198 

32.87 

19.18 

91.20 

Douglas  DC-8-73 

DC-8-73 

117.000 

75300 

50.40 

22.05 

McDonneU  MD-11 

MD-11 

195J047 

125346 

53.00 

2837 

93.80 

Lockheed  L-1011 

L-1011 

166,920 

111312 

Table  B.2  illustrates  the  aircraft  data  iqxesentative  of  TERP  category  A  aircraft  Note 
that  the  sequence  of  this  table  is  the  same  as  that  used  in  the  REDIM  2.0  master  file 
definition.  The  number  of  aircraft  in  every  TERP  database  can  be  increased  to  20  air¬ 
craft. 


TABLE  B.2  Data  for  Single  Engine  Aircraft  (TERP  Category  A). 


Aircraft  Name 

REDlMCode 

Max. 
r^^iuHng 
Mass  (Kg) 

lift 

Aimaft 

l^gqran 

(m.) 

Airctaft 

Wbeel- 

Baae(m.) 

%Lood 
on  Main 
Gears 

Piper  PA-38-112 

PA-38-112 

757 

K3 

10.36 

1.45 

77A5 

Piper  PA-28-161 

PA-28-161 

1,109 

596 

1037 

2.03 

82.18 

134 
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TABLE  B.2  Data  for  Single  Engine  Aircraft  (TERP  Category  A). 


Aircraft  Name 

RE  DIM  Code 

Max. 
Landing 
Mass  (Kg) 

Opo. 

Empty 

Ma^ 

(Kg.) 

Aircraft 

Mngqran 

(m.) 

Aircraft 
Wheel- 
Base  (m.) 

%Load 
on  Main 
Gears 

Piper  PA-28-235 

PA-28-235 

1363 

705 

10.92 

1.98 

81.73 

Piper  PA-32-301 

PA-32-301 

1.636 

878 

11.02 

2.36 

85.92 

P^rPA-46-31(F 

PA46-310P 

1.772 

1,118 

13.66 

2.44 

83.31 

BeechcraftF33A 

BEF33F 

1345 

964 

10.21 

2.13 

81.51 

Cessna  172 

CE172 

1.090 

676 

10.92 

1.70 

77.93 

Cessna  208 

CE208 

3.615 

2330 

15.88 

2.11 

81.20 

Cessna  182 

CE182 

1.338 

790 

10.92 

1.69 

78.85 

Cessna  210 

CE210 

1.772 

1,007 

11.20 

1.81 

77.60 

TABLE  B^  Data  for  TVrfai’Engine  Business  Aircraft  (TERP  Category  B). 


Aircraft  Name 

RE  DIM  Code 

Max. 
Landing 
Mass  (Kg) 

Open 

Empty 

Mass 

(Kg.) 

Aircraft 

Wingspan 

(m.) 

Aircraft 
Wheel- 
Base  (m.) 

%Load 
on  Main 
Gears 

Beechcraft  BE-58 

BE-58 

2300 

1379 

11.53 

2.72 

84.73 

Beechcraft  3(X) 

BE  300 

6363 

3.851 

16.81 

4.56 

89.13 

Cessna  402C 

C£402C 

3.107 

1363 

13.45 

3.18 

88.12 

Cessna  421 

CE421 

3366 

2398 

12.53 

87.19 

Beechcraft  2(XX) 

BE  2000 

6366 

4323 

16.46 

6.86 

92.27 

Cessna  406 

CE406 

4350 

2387 

15.04 

3.81 

85.37 

Piper  PA-34-220T 

PA-34-220T 

2.160 

1396 

11.85 

2.13 

82.13 

Piper  PA-42-1000 

PA-42-1000 

5.477 

3.493 

1433 

333 

8732 

PiaggioPlSO 

PD  180 

4,777 

337245 

1334 

530 

91.41 
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TABLE  B.4  DaU  for  Business,  'nirbofan-Powered  Aircraft  (TERP  Categories  B  and  C). 


Aircraft  Name 

REDlMCode 

Max. 
Landing 
Mass  (Kg) 

Oper. 

Empty 

Mass 

(Kg.) 

Aircraft 

Mngspan 

(m.) 

Aircraft 
Wheel- 
Base  (m.) 

%Load 
on  Main 
Gears 

Cessna  CE-SSO 

CE-550 

5.773 

3.351 

15.90 

5.55 

92.61 

Cessna  CE-6S0 

CE-650 

9,090 

5.306 

16.31 

6.50 

92.95 

Leaijet31 

LEAR-31 

6.940 

4,514 

13.34 

6.15 

93.42 

LeaijetSS 

LEAR-55 

8.165 

5,737 

13.34 

7.01 

93.27 

Grumman  G-IV 

G1159 

26.535 

18,098 

23.72 

11.62 

93.70 

British  Aeros.  12S-800 

BAE12S 

10490 

7,858 

15.66 

6.41 

93.10 

IAI1124(WcstwindII) 

lAl-1124 

8.636 

6,022 

13.65 

7.79 

94.77 

Beechcraft400 

BE-400 

6.454 

4400 

13.25 

5.86 

92.68 

lAI  1125  (Astra) 

IA1-112S 

9.409 

5,759 

16.05 

7.34 

94.38 

Dassault  Falam  100 

DA-100 

8,020 

13.08 

5.30 

92.77 

Dassault  Falcon  200 

DA-200 

13.090 

8445 

16.30 

5.74 

90.94 

Dassault  Falcon  SO 

DA-50 

17457 

9490 

18.86 

7.24 

92.19 

Canadair  CL-601-3A 

CL-601 

16463 

11420 

19.61 

7.99 

92.86 
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TABLE  B^  Aircraft  Data  for  Commuter  Aircaft  TERP  (Category  B). 


Aircraft  Name 

REDIM  Code 

Max. 
Landing 
Mass  (Kg) 

Open 

Empty 

Mak 

(Kg.) 

Aircraft 

Wingspan 

(m.) 

Aircraft 
Wheel- 
Base  (m.) 

%Load 
(MI  Main 
Gears 

Saab  340-2 

SAAB-340 

12.020 

7194 

21.44 

7.14 

90.88 

British  Aeros.  31 

BAE-31 

6.600 

4,131 

15.05 

4.60 

87.18 

Emlxaer  120 

11.250 

6.878 

19.78 

6.97 

Boeing  DeHavilland  6 

DCH-6 

5.579 

3363 

19.81 

4.53 

87.16 

Boeing  DeHavilland  7 

DHC-7 

19.958 

12360 

28.35 

8.38 

90.89 

Boeing  DeHavilland  8 

DHC-8-200 

15.375 

9.793 

25.91 

9.60 

91.63 

Beechcraft  19(X)C 

BE-1900 

7.302 

3.946 

16.61 

7.25 

93.72 

Fairchild  Metro  m 

SA-227 

6.590 

3.963 

16.60 

5.38 

88.74 

Embraer  110-Pl 

EMB-110 

5,712 

3,855 

15.33 

5.10 

90.70 

CASA  212-200 

CASA-212 

7,465 

3,780 

19.00 

5.55 

88.07 

NRT  235-200 

NRr-235 

14.229 

9,892 

25.81 

6.92 

89.70 

AerosyAlenia  ArR-72 

AIR-72 

21385 

13,460 

27.05 

10.70 

93.26 

Aeros7Alenia  ArR-42 

AIR-42 

15300 

9373 

25.57 

8.78 

92.71 

FbkkerSO 

F-50 

18.890 

12320 

29.00 

9.70 

92.13 

British  Aeros.  ATP 

BAE-ATP 

21.773 

13394 

30.63 

9.70 

92.62 

DGcnier  228-100 

DO-228 

6.213 

3347 

16.97 

6.29 

91.05 

Shorts  360 

S-360 

10351 

7,689 

22.76 

6.15 

87.93 

Intentionally  Left  Blank 
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APPENDIX  C 


ROT  Results  for  Selected 
Aircraft  Populations 


This  appendix  contains  the  simulation  results  for  a  single  ninway  an  selected  aircraft 
mixes  designated  by  the  Federal  Aviation  Administraticm  using  REDIM  2.0.  The  idea 
behind  these  simulations  was  to  detennine  possible  combinatimis  of  exits  and  exit 
speeds  to  comply  with  specific  ROT  values  using  selected  aircraft  populations  repre¬ 
sentative  of  many  current  airport  facilities. 

Aircraft  selected  by  the  contractor  encompassed  two  TERP  categories:  C  and  D  with 
most  of  them  being  medium-range  transport  aircraft  typical  of  today’s  airline  fleets.  Ih- 
ble  C.  1  presents  results  obtained  for  a  population  of  McDonnell  Douglas  MD-80,  Boe¬ 
ing  727-200,  B  737-300  and  B  757-200  aircraft  (equal  percentages  for  each  one). 


TABLE  C.1  Optimal  'nimolT  Locations  for  MD-80,  B727,  B737  and  B757 
Population  and  40  and  ^  second  ROT  Limits. 


Exit  Speed  =  25  m/s 
ROT  =  40  seconds 


1 _ i 


Exit  Speed  =  20  m/s 
ROT  sSO  seconds 


1475  m.  2000  m. 

J _ i 
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Table  C.2  presents  results  obtained  for  a  population  of  McDonnell  Douglas  DC- 10-32, 
Boeing  747-200,  B  767-300  and  Lockhedd  L  1011-500  aircraft  (equal  percentages  for 
each  one). 


TABLE  C.2  Optimal  'nimoir  Locations  for  DC-10,  B747,  B767  and  L  lOU 
Population  and  40  and  50  second  ROT  Limits. 


Exit  Speed  =  35  m/s 

ROT  =  40  seconds 

1225  m. 

1475  m.  1925  m. 

Exit  Speed  =  20  m/s 

ROT  =50  seconds 

1375  m. 

1(25  m.  1975  m. 

Exit  Speed  =  23  m/s 
ROT  =50  seconds 

1450  m. 

2000  m. 

Exit  Speed  =  30  m/s 
ROT  =50  seconds 


1750  m.  2000  m. 
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Table  C.3  presents  results  obtained  for  a  Boeing  727-200  using  REDIM  2.0  and  com¬ 
plying  with  various  ROT  limits. 


TABLE  C.3  Boeing  727-200  Optimal  Location  Results  for  Various  Exit  Speeds  and  ROT  Limits  (95% 
Reliability). 


Condition 

Exit  Speed 
(m/s) 

Location  (m.) 

ROT  (see.) 

Dry 

30 

1190 

35 

Dry 

25 

1296 

40 

Dry 

8 

1400 

50 

Wet 

35 

1225 

35 

Wet 

27 

1347 

40 

Wet 

15 

1500 

50 

Wet 

8 

1570 

55 
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